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1. Introduction 
Horses are a model organism to study evolution, they were a key species of the Pleistocene 
steppe and their domestication development is intricate. They are one of the most appreciated 
and popular species in the world. In my thesis Mitochondrial d-loop variation and DNA 
preservation in wild and domestic equids (Equus sp.) in Switzerland from the Palaeolithic to 
the Iron Age I want to trace the matrilinear development of wild horses in the region, from the 
earliest archaeological records of caballine equids in the Pleistocene to their local 
disappearance at the beginning of the Holocene, and prospect into the variation of the 
venerated domestic animal at the beginning of the Common Era. I will first introduce the 
relationship of man and horse with a focus on Switzerland. As the fate of a wild species 
largely depends on the condition of the environment, an overview of the climatic and 
vegetation change in the Jura and the Alpine foreland during the last 50,000 years will be 
given. I will then outline the genetic loci investigated in this study, involving the 
mitochondrial displacement loop and several markers of the nuclear genome including coat 
colour and molecular sex markers. In chapter two, the research papers which resulted from 
these investigations are presented, followed by additional publications of thesis-related 
research. The main results are summed up in chapter four and augmented by further 
explorations of selected issues. The findings about Swiss wild and domestic horses are 
contextualised with published studies on Eurasian horses. In chapter five the thesis will be 
briefly recapitulated and closed with concluding remarks.  
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1.1 The relationship of man and horse in Switzerland   
The horse has been one of the most important animals to humans since the Pleistocene when 
Palaeolithic hunters dispersed over Eurasia and exploited horses for meat (Olsen, 2006). Their 
beauty and power, also, were apparently so impressive to people that the horse is the most 
frequently represented animal in European Upper Palaeolithic cave and portable art 
(Reflexion group on Palaeolithic rock art, 1993) (figure 1). The majority of paintings date to 
the Magdalenian period, c. 20 to 13 thousand years before present (ka BP) (Leesch, 1993, 
Newell, 2009) when, however, reindeer was the primary focus of big game hunting. Towards 
the end of the Pleistocene Equus ferus caballus, Linnaeus 1758, populations rapidly declined 
in number and distribution in Eurasia; they even went extinct in North America (Haile et al., 
2009), and only persisted in forest-free pockets of Europe, and particularly in the steppe 
region between the Carpathians and Kazakhstan (Anthony, 2007, 196, Sommer et al., 2011). 
The closely related E. f. przewalskii, Poljakow 1881, inhabited Asia’s steppes further east. 
 
 
 
Figure 1: Engravings of wild horse on bone fragment, Brassempouy, Grotte du Pape, France (left); (Picture by 
Henry Fairfield Osborn) and Schweizersbild, Switzerland (right); © Schweizerisches Nationalmuseum.
 
The first remains of E. f. caballus in Switzerland stem from palaeontologic, i.e. non-
anthropogenic, contexts (Schmid, 1967). They date between c. 50 and 40 ka BP. Horses as 
human prey are first documented from a cave (Kohlerhöhle) in a Badegoulian context from 
the Northern Swiss Jura region near Basel dating to around 23 ka BP – time when the Jura 
glacier was maximally extended to about 50 km beeline of the site (Ivy-Ochs et al., 2004). 
Horses are abundant amongst Magdalenian faunal assemblages and were probably widely 
dispersed in the open steppe landscape of the Swiss Plateau. 
It is not understood when the decline of the population, inferred from decreasing find 
densities in Azilian and a complete absence of finds from the Mesolithic, began and whether 
it was initialised by human hunting pressure or the temperature rise at c. 14.7 ka BP which 
was followed by marked vegetation changes. Very few horse remains are noted from 
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Neolithic sites; those which do occur are very small and mainly appear in archaeological 
layers with an increased proportion of wild animals (Schibler et al., 1997). This argues in 
favour of their status as wild animals, but it cannot ultimately preclude that they were first 
domestics. 
It has been argued that the horse might have gone extinct entirely if it were not domesticated 
in the Eurasian steppes, either because climate change led to their nutrition base – open 
grassland interspersed with shrubs – shrinking or competition with domestic herds intensified 
(Budiansky, 1997, Olsen, 2006). Archaeozoologically, the beginnings of horse domestication 
are challenging to pinpoint because unlike other domestic species such as cattle, ovicaprines 
and pigs, horses did not decline in size and the typical kill-off pattern of livestock raised for 
dietary purposes, characterised by young males and older females, is challenging to verify or 
not apparent (Anthony, 2007). To date, however, various disciplines hold evidence for 
domestication in the region north of the Black- and Caspian Sea at least by 3 ka BC (Anthony, 
2007, Ludwig et al., 2009, Outram et al., 2009, Warmuth et al., 2012). It is indeed the 
multiple uses of the horse that made this animal increasingly valuable for humans. It provided 
meat and milk, but the use for riding, packing and pulling vehicles became much appreciated, 
as was the horse´s significance in warfare.  
 
 
Figure 2: Bridle fragment made from deer antler, 
East European type, Early Bronze Age. From Toos-
Waldi, Schönholzerswilen, Thurgau. Picture by 
Daniel Steiner, Amt für Archäologie Thurgau.
 
It is generally established that from Bronze Age onwards, horses in Switzerland are domestics 
when bridle fragments point to horse harnessing (figure 2).They came alongside trade routes 
from the East which became increasingly important in the metal ages. Unlike in Eastern 
Europe and Central Asia, horse husbandry in Switzerland was mainly centred around the 
exploitation of the animals’ work power and less around meat and milk production (Müller-
Lhotska, 1984, 98). The horse, and horse-donkey hybrids (mules), were particularly relevant 
in trans-Alpine transport. It remained, however, rare; only as it gained military significance in 
the Iron Age numbers grew – but not to ubiquity; husbandry was reserved to the Celtic 
aristocracy. The horses had become even smaller since the Neolithic and ranged from 110 cm 
to 130 cm withers height. The rarely encountered larger horses (> 140 cm) are often referred 
to as imports from Rome yet it is possible that individual equids had been raised locally for 
representation. 
The Romans bred horses for different purposes, such as traction, courier service, circus 
performance, chariot race and riding. The horse was, in contrary to the peace-loving other 
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domestics, described as war-loving (Vergil, Georgica, III.83-85: Erren, 1985-2003). Since the 
horse is a flight animal it has to be thoroughly trained to stand in battle. Nevertheless it was a 
man-made weapon in antiquity and gained its prestige from its deployment in war 
(Junkelmann, 1991, 13). In fact, no other animal has had such a tremendous impact on 
geopolitics (Olsen, 2006), for instance through the Roman (auxiliary) cavalry or the notorious 
Huns who conquered large parts of Eurasia on horseback in the fourth and fifth centuries AD, 
stimulating the Great Migration and contributing to the collapse of the Roman Empire (Kelly, 
2008). It is said that “A dog may be a man’s best friend, but the horse wrote history.” 
(Unknown author). Likewise in Medieval times the horse is mainly associated with 
aristocracy, namely knighthood. The consumption of horse meat was prohibited by the 
Catholic Church as it was deemed unchristian. As the demand for horses enhanced prices, the 
first commercial stud farms were established. The oldest still existing stud farm in Europe is 
Einsiedeln Abbey, canton Schwyz, and was first noted in 1064 by King Henry IV (Huber, 
1963); the local breed Einsiedler originates here. It is not until early modern history that 
horses started to become common. Agriculture, transportation of goods and passengers, and 
the military would have been unthinkable without horsepower into the 20th century. Yet, 
gradually the horse was replaced by machines. In Switzerland this led to a drastic decline of 
indigenous stock. The Einsiedler lost their status as a separate breed, and in order to conserve 
the indigenous Franches-Montagnes (figure 3) the Federal (later National) Stud Farm was 
established in 1898 in Avenches, canton Vaude (Nationalgestüt Avenches et al., 2004, Rieder, 
2015). During recent decades the public interest in local varieties of domestic animals has 
increased. Equid husbandry grew again in Switzerland, and horses are popular sport and 
leisure animals (Poncet et al., 2007, Poncet et al., 2009), indeed they have regained their 
status as the most expensive and valued domestic animal. 
 
 
Figure 3: Franches-Montagnes in pasture on the National Stud Farm in Avenches. Pictures by Martin 
Rindlisbacher, SNG. 
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1.2 Environmental change in the Jura and Alpine foreland from 50,000 years 
ago until the present 
The heterogeneous landscape between and including the Alps and the Jura Mountain chain – 
present day Switzerland – has been subjected to climate induced alterations. Several 
approaches serve to reconstruct climate change: the biological examination of plant micro- 
and macro-remains, molluscs and insects; the investigation of varves, sedimentation and 
weathering with lithogenic methods; geomorphological ascertainment and evaluation of 
moraines and other erosion- and accumulation-phenomena; as well as the physical-chemical 
analysis of oxygen isotopes. The results can be used to contextualise population developments 
of animals and humans. Recently, the various documentations of temperature, vegetation and 
ecology have been compiled and supplemented for the time frame of 60 to 8 ka BP for the 
Alpine foreland (Heiri et al., 2014) and 40 to 8 ka BP for the Jura Mountains (Cupillard et al., 
2015). Environmental data from the time preceding the Last Glacial Maximum (LGM), i.e. 
before 30 ka BP, is notoriously sparse and discontinuous from the Jura Mountains and the 
Swiss Plateau, because most of the evidence was eroded by glacier movement. However, a 
few sites provide well dated key records, e.g. Niederwenigen, canton Zurich, and Gossau, 
canton Sankt Gallen. The peat of Niederwenigen was deposited c. 45 ka BP (Hajdas et al., 
2007, Preusser et al., 2007) when mean temperatures ranged from 8 and 13 °C in summer to -
20 and -5 °C in winter, and the landscape was characterized by open spruce (Picea)-pine 
(Pinus) forest as reconstructed from beetle remains, plant macrofossils and pollen (Coope, 
2007, Drescher-Schneider et al., 2007). The sediment record from the gravel pit in Gossau, 
constrained to c. 60-30 ka BP (Preusser et al., 2003) revealed a similar picture. The older 
layer was formed in mean temperatures of 12 to 13 °C (summer) and -15 to -7 °C (winter) 
surrounded by open Picea-Pinus forest; the younger layer suggests open pine forest and 
colder mean temperatures between 8 and 12 °C in summer and -21 and -14 °C in winter (Jost-
Stauffer et al., 2001, Jost-Stauffer et al., 2005). In general the climate was much more 
continental than today. 
In the Swabian Alb, approximately 140 km to the north, the landscape was apparently more 
opened compared to Niederwenigen and Gossau. The analysis of plant micro- and 
macrofossils from the Upper Palaeolithic cave site Hohle Fels gives insight into the sequential 
vegetation development and human plant use in and around the cave from the Aurignacian to 
the Gravettian period (c. 44 – 32 ka BP) (Riehl et al., 2014). Prevailing shrub tundra with cold 
steppe elements and only single woody patches is evidenced from the Aurignacian and 
Gravettian horizons, the following occupation hiatus is coincidental with the cold stadial 
between 25 and 15 ka BP. 
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Figure 4: Switzerland during the last Glacial Maximum. Source: Swiss Federal Office of Topography. 
 
The Jura ice sheets reached their maxima between c. 27.5 and 24 ka BP (Buoncristiani et al., 
2004) and the Alpine LGM is dated to 23 to 19 ka BP in the Swiss Plateau (Ivy-Ochs et al., 
2008, Preusser et al., 2011) (figure 4). The northern slopes of the Jura remained ice-free. The 
carrying capacity of the vegetation was apparently sufficient to feed large herbivores and 
allow for human (temporary) settlement as indicated by faunal remains in Badegoulian 
contexts from a few cave sites (Terberger et al., 2001, Sedlmeier, 2010). The Swiss Plateau 
and Jura region were ice-free by at least 17.5 ka BP, and in succession were rapidly vegetated 
by cold-resistant and heliophile grasses and herbs, before eventually being populated by 
herbivores and humans (Leesch et al., 2012b). The Oldest Dryas pollen records from Jura 
lakes, mires, bogs and marshes are dominated by Poaceae (true grasses), Artemisia (e.g. 
common mugwort) and pine; Pinus-values below 20 % are interpreted as resulting from long-
distance transport (Cupillard et al., 2015). The contemporary lake sediments and peat deposits 
from the lowlands also indirectly support the picture of an open herbaceous landscape, as 
datable organic remains are absent prior to afforestation after 14.7 ka BP (Heiri et al., 2014). 
The following Bølling is marked by an abrupt increase in summer temperature around 14.7 ka 
BP by c. 5 °C (Heiri et al., 2014) initializing the rapid decline of Artemisia, Poaceae, 
Cyperaceae (sedges) and Helianthemum (sunrose) and the thrive of shrub flora. Pinus 
experienced a certain lag, yet flourished by c. 13,750 BP, the onset of the Allerød (Ammann 
et al., 2013); the landscape changed from tundra to open woodland. There seems to be a shift 
in human occupation pattern away from the (foot of the) mountains into the plains (Nielsen, 
2009) and a diversification of hunted prey when new species such as deer (Cervus elaphus) 
spread (Cupillard et al., 2015). After another colder phase in the Younger Dryas around 12.7 
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ka BP, temperature rose again at the beginning of the Holocene c. 11.7 ka BP (Heiri et al., 
2014), climate and vegetation converged to present day conditions. 
The Mesolithic is characterized by canopy deciduous forest as indicated by depleted δ13 C 
values for C. elaphus (Drucker et al., 2011). By at least 7 ka BP, the Neolithic was established 
in Switzerland, as visible in an increase of “agricultural practices” in lacustrine and peat-bog 
pollen sequences from the Jura Mountains (Cupillard et al., 2015), and this results in the 
initial dilution of the interdependence of latitude/temperature and vegetation. Colder and 
warmer periods are indicated by transgression and regression phases in the lake levels 
(Jacomet et al., 1995). Temperature fluctuation also occurs in later periods, but generally they 
do not exceed 2 °C in the annual average (Magny et al., 1998). The Swiss Plateau and Jura 
are widely covered with beech (Fagus), fir (Abies) and oak (Quercus) forest from Neolithic 
until the Medieval era, with deciduous trees dominating in the lowlands and conifers in higher 
altitudes (Richoz et al., 1995, Jacomet et al., 1999, 101, Wick, 2002, Brombacher et al., 
2005). The landscape was subsequently opened to meet the increasing demand for pasture, 
tillage and wood for construction and fire (Rachoud-Schneider et al., 1998, Wick et al., 
2002), in Roman times intensely exploited areas were interspersed with dense forest (Hüster-
Plogmann et al., 2005). Today, about 30 % of Switzerland is forested. The Alps are 
dominated by coniferous and the Plateau by deciduous forest. Approximately 35 % is used for 
agriculture, 8 % is populated and 25 % unused (Bundesamt für Raumentwicklung ARE). The 
climate is temperate, sub-oceanic/semi-continental north of the Alps with mean annual 
temperatures from 7 to 9 °C (Bundesamt für Meteorologie und Klimatologie MeteoSchweiz). 
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1.3 Genetic loci investigated: Mitochondrial displacement loop, Single 
Nucleotide Polymorphisms and STX17 
In recent years sequencing technique and computer processing development have advanced 
immensely; thus, molecular genetic studies are no longer limited to short segments of the 
genome. In fact whole genome sequencing has become such a routine it will be applied even 
when scientists are interested in particular genes in specific chromosome regions (Bailey, 
2015). High throughput sequencing is also increasingly applied to archaeological material, 
and whole or draft genomes of microbial pathogens, humans, mammoth, equids and other 
organisms have been published (Orlando et al., 2015). However, for processing large numbers 
of specimens the choice of specific targets is favourable. The choice of the target depends on 
the aims of the study, as some genetic loci are suitable for phylogenetic or population genetic 
approaches, and others for individual characterisations because of their different mutation 
rates. Variation in regions with lower mutation rate indicates identity by descent and not 
identity by state. Concerning ancient DNA (aDNA) preservation capacity and information 
value of short fragments have to be considered. Non-coding regions generally accumulate 
more polymorphisms due to reduced selection pressure. This includes, for example, the 
mitochondrial (mt) genome whose substitution rate is elevated by an order of magnitude 
compared to the nuclear (nc) genome, and in particular the mt displacement loop (d-loop). 
Mitochondria are cytoplasmic organelles in which the energy-generating process of oxidative 
phosphorylisation takes place (Jobling et al., 2004, 39). The double stranded circular mt 
genome spans between 15 and 20 k bases. There are a number of possible reasons for the 
elevated mutation rate; e.g. the mitochondrion contains high concentrations of mutagenic 
oxygen free radicals, it is not packed with histones and the mt replication system includes a 
higher turnover rate, longer duration of single-strandedness and less effective repair (Jobling 
et al., 2004, 61). Mitochondria occur in high copy numbers in each cell and are inherited 
maternally only, and thus provide advantages for aDNA approaches: a high number enhances 
the chance of survival in degraded tissue and the absence of recombination allows the 
tracking of matrilineages over many generations. The analysis of ancient mtDNA (d-loop) 
variation has been utilised to address questions concerning phylogeny (Barnett et al., 2009, 
Willerslev et al., 2009, Fu et al., 2013, Vilstrup et al., 2013), animal domestication (e.g. 
Fernandez et al., 2005, Edwards et al., 2007, Larson et al., 2007), migration (e.g. Larson et 
al., 2010, Brandt et al., 2013, Meiri et al., 2014) and population development (e.g. Campos et 
al., 2010b, Lorenzen et al., 2011, Brace et al., 2012, Welch et al., 2012, Stiller et al., 2014, 
Scheu et al., 2015). 
However, information about individual characteristics such as phenotype and sex can only be 
retrieved from coding DNA segments on the autosomes and allosomes. Most common are 
simple base-substitutional differences called single nucleotide polymorphisms (SNP), this 
category also includes small insertions and deletions (indels). Within the open reading frame 
(ORF) they have a range of effects – from silence (no effect) to complete abolition of protein 
production; and gene expression can even be affected by SNP outside the ORF (Jobling et al., 
2004, 56). Most mutations concerning phenotype are disadvantageous as there are more ways 
to impair the function of a gene than to enhance it, thus, for example, particular coat 
colourations are accompanied with pathologic pleiotropies. Melanocytes (pigment cells) are 
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found in the skin, hair, eyes, inner ear and leptomeninges. They are derived from embryonic 
cells of neural crest origin which also give rise to bone, cartilage, adipose, endocrine cells and 
several types of neurons and glia (Le Douarin et al., 1999, 2). The causation of a 
malfunctioning melanin synthesis or integration is thus likely to affect these domains as well 
and may for example lead to hearing, visual or metabolic deficits which can even be lethal. 
With horses, the mentioned impairments are mainly associated with (partially) white coat 
colourations (Reissmann, 2009, 20, Bellone, 2010). It is not surprising that these only emerge 
in noticeable frequencies in the course of domestication when selection mechanisms are 
indeed reversed in favour of “interesting” colourations (Ludwig et al., 2009). An exception is 
leopard complex spotting which occurred in wild horses and apparently provided a selective 
advantage in the glacial steppe landscape despite the congenital stationary night-blindness in 
homozygous individuals (Ludwig et al., 2015). The most prevalent variant of white coat is 
grey. Grey horses are born with any original colour and turn white over time due to premature 
progressive depigmentation. This development is caused by a 4.6 k base duplication in intron 
6 in the STX17 gene (Syntaxin-17) on chromosome 25 (Rosengren Pielberg et al., 2008). The 
amplification of such a long fragment is challenging concerning aDNA – compared to the 
relatively easier accessible SNPs – yet it is sufficient to target the region spanning the end of 
the first 4.6 k base segment and the beginning of the duplication. To authenticate the outcome 
of this test, the region spanning the end of the segment and the beginning of the sequel of 
intron 6 should be targeted as well. The SNPs associated with the basic colourings bay, 
chestnut and black, the dilutions cream and silver and the spotting patterns overo, tobiano and 
sabino were investigated for the dissertation, focussing on Iron Age and Roman time horses. 
These samples also underwent a molecular sexing routine using sex-specific markers within 
the amelogenin- and zinc-finger-structures on the allosomes (Lippold et al., 2011a ; Research 
Paper Three).  
The investigation of coat, mane/tail, or feather and skin colouration in archaeological remains 
is fascinating. To identify the ratio of older and younger females and males allows the 
recognition of specific kill-off patterns associated with domestication. We can understand 
domestication processes and the changes it involved in animal behaviour and phenotype (Trut 
et al., 2009, Girdland Flink et al., 2014, Schubert et al., 2014) and we can identify (early) 
domestics (Ludwig et al., 2009, Krause-Kyora et al., 2013), and thus draw inferences on 
people’s knowledge and behaviour at the time. Moreover, we can reconcile prehistoric and 
historic depictions and descriptions of animals (Rawlence et al., 2009, Campana et al., 2010, 
Pruvost et al., 2011, Svensson et al., 2012, Svensson et al., 2014, Zouganelis et al., 2014, 
Imsland et al., 2016), and not least, contribute to a literal picture of the past that often has to 
remain very vaguely sketched in archaeology (Fortes et al., 2013). 
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1.4 Aim and prospect of the thesis 
The thesis Mitochondrial d-loop variation and DNA preservation in wild and domestic equids 
(Equus sp.) in Switzerland from the Palaeolithic to the Iron Age is part of the SNF project K-
31K1_120528/1 Genetic signatures in wild and domestic horses (Equus sp.) during 40,000 
years BC in comparison with present-day horse breeds. The general aim of the project was a 
chronological genetic investigation of archaeological horse remains from Switzerland 
including mitochondrial d-loop variation and coat colour identification, and the exploration of 
the genetic diversity of rare extant breeds. In this thesis, I investigated the sites presented in 
figure 5, focussing on three main subjects. 
Firstly, mtDNA preservation of Pleistocene equid remains in the context of different burial 
conditions. To date, specimens from waterlogged preservation conditions (Schlumbaum et al., 
1997, Schlumbaum et al., 1998, Pollmann et al., 2005, Bernicchia et al., 2006, Larson et al., 
2007, Pruvost et al., 2008, Schlumbaum et al., 2011, Schlumbaum et al., 2012, Schibler et al., 
2014), dry sites (Lassen et al., 2000, Schlumbaum et al., 2003, Schlumbaum et al., 2006, 
Larson et al., 2007, Pruvost et al., 2008, Warnberg et al., 2012, Haas et al., 2013, Svensson et 
al., 2014) and even permafrost situations (Schlumbaum et al., 2010) from Switzerland have 
been targeted – not always successfully. A systematic synthesis of the influence of different 
burial conditions on DNA amplification success is still outstanding, here, however, the 
problem is addressed concerning Pleistocene equid teeth and bones, excluding permafrost 
preservation but augmenting the spectrum of depositional contexts by cave sites. Additionally, 
Neolithic, Iron Age and Roman horse remains from dry and waterlogged archaeological sites 
were compared concerning DNA amplification success and amount of post mortem damage 
derived lesions. 
Secondly, mtDNA d-loop variation of Pleistocene and Early Holocene wild horse populations 
in Switzerland is investigated. Recent compilations of palaeoclimatological, 
palaeoenvironmental and archaeological data (Heiri et al., 2014, Cupillard et al., 2015) allow 
the relation of the development of equid population demography to the Alpine and Jura LGM, 
afforestation following atmospheric temperature increase by 14.7 ka BP or alterations of the 
landscape in the course of human agricultural activities. This is the first comprehensive 
survey of all known Pleistocene equid remains from a restricted region and is thus apt to 
demonstrate demographic patterns in reaction to a changing environment and human 
encroachment that might be overlooked in global studies (Weinstock et al., 2005, Cieslak et 
al., 2010, Lorenzen et al., 2011, Orlando et al., 2013). The results of this analysis are 
compared to the demographic development of Pleistocene horse populations from northern 
Asia (Taymyr Peninsula and Sakha Republic, Russian Federation) and the Urals region. 
Thirdly, we examine mtDNA d-loop variation coat colour and sex of Iron Age domestic 
horses. Archaeozoological studies have defined a standard Celtic horse which is small, with 
withers height between c. 110 to 130 cm (Peters, 1998, Arbogast et al., 2002). The rarely 
occurring larger horses (> 140 cm) are regarded as Roman introductions because Roman 
livestock breeders raised larger domestics, and this trend continues in the regions that are 
subsequently added to the Roman Empire. However, direct biomolecular evidence for the 
trade/exchange of equids is presently scarce (Paulus et al., 2007, Nuviala et al., 2014). A 
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possible genetic differentiation of morphologically different animals is enquired via 
matrilinear diversity, and the investigation of coat colouration and sex serves to detect 
(phenotypical) noticeable individuals and to relate their incidence to the archaeological 
context. This is the first study focussing Celtic horses, renowned for their endurance and 
fearlessness. 
 
 
Figure 5: Investigated sites. 1 – Riehen-Ausserberg; 2 – Münchenstein-Steinbruch; 3 – Allschwil-Ziegelei; 4 – 
Schalberghöhle; 5 – Kohlerhöhle; 6 – Kesslerloch; 7 – Hauterive-Champréveyres; 8 – Käsloch; 9 – Monruz; 10 – 
Schweizersbild; 11 – Abri Neumühle; 12 – Birseck-Ermitage; 13 – Rislisberghöhle; 14 – Brügglihöhle; 15 – 
Mumpf; 16 – Twann-Bahnhof; 17 – Augusta Raurica; 18 – Aventicum; 19 – Basel-Gasfabrik; 20 – Mormont. 
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ESM 1: Details of sampled Palaeolithic sites in Switzerland with at least one equid remain. Given are number as in fig. 1, name, location, type of site, year of excavation, dating 
and references. Dates from this study from sampled equids, dates from the literature on various remains from the same layers as the equid remains studied here. 
aBodenforschung Basel-Stadt, bLeesch and Müller (2012), cMiller (2012), dAlbrecht (1982), eNapierala (2008), fHousley et al. (1997), gAffolter et al. (1997), hINQUA-database, 
http://ees.kuleuven.be/geography/projects/14c-palaeolithic/ (last update June 2010): 
 Site 
Location 
Type of 
site 
Year of excavation 
Age 
Reference (first and 
latest) alt. lat. long. 
Uncalibrated 14C dates BP (own study 
if not stated) or layer assignment 
Calendar years BP 
(Danzeglocke et al. 
2012) 
1 Riehen-Ausserberg 335m 47.57 7.65 Open, dry 1967 ETH-30798  
ETH-30799  
43300±900a 
41760±800a 
46937±1716 
45264±944 
Schmid (1967, 1976) 
2 
Münchenstein-
Steinbruch 
355m 47.51 7.62 Open, dry 1919 et seq. Pre-LGM (faunal indicators) 
Schaub and Jagher 
(1945); Furger (1977) 
3 Allschwil-Ziegelei 312m 47.55 7.55 Open, dry 1923 Pre-LGM (geological indicators) Bosinski (1967)  
4 Schalberghöhle 425m 47.47 7.57 Cave 1926-27 
ETH-39764  
ETH-39763  
ETH-49373  
ETH-49374  
35995±320 
34980±330 
32935±268 
10544±41 
41344±296 
40032±856 
37414±676 
12511±140 
Vogt (1936) 
5 Kohlerhöhle 378m 47.43 7.57 Cave 1934-38 
ETH-44380  
ETH-44381  
ETH-44382  
ETH-44383  
ETH-44379  
ETH-43310  
B-4969  
ETH-39761  
ETH-44378  
ETH-39762  
ETH-43309  
B-4971  
ETH-39760  
19970±70 
19810±65 
19730±75 
19615±75 
19305±75 
16205±55b 
12820±160c 
12790±45 
12765±40 
12465±40 
12460±45b 
11640±150c 
11535±60 
23897±315 
23721±275 
23610±251 
23406±338 
23067±265 
19350±289 
15401±471 
15270±248 
15223±258 
14761±293 
14751±297 
13533±188 
13423±117 
Lüdin (1938); 
Sedlmeier (1993) 
6 Kesslerloch 440m 47.75 8.69 Cave 
1874/1883/1898-
99/1902-03 
OxA-10238  
OxA-10298  
OxA-5749  
OxA-10239  
KIA-11828  
ETH-44385  
OxA-5750  
OxA-5747  
14330±110e 
15020±180e 
14150±100f 
13980±110e 
13858±55e 
13690±50 
13670±100f 
13430±100f 
18254±263 
17505±261 
17392±254 
17234±228 
17085±180 
16824±201 
16745±270 
16367±427 
Merk (1875); 
Napierala (2008) 
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OxA-5746  
KIA-11827  
ETH-44387  
B-3329  
Hv-10652  
KIA-11829  
ETH-44384  
ETH-44386  
KIA-11825  
OxA-5748  
ETH-44388  
KIA-11826  
KIA-33351  
KIA-33350  
B-3327  
13120±90f 
13052±53e 
13035±60 
12970±180d 
12890±90g 
12897±53e 
12885±65 
12795±55 
12774±54e 
12770±90f 
12605±50 
12502±52e 
12335±45e 
12225±45e 
11220±180d 
16038±40 
15941±390 
15915±396 
15798±512 
15595±380 
15591±329 
15560±333 
15277±254 
15237±262 
15213±302 
14962±295 
14819±295 
14502±338 
14277±239 
13120±198 
7 
Hauterive-
Champréveyres 
428m 47 6.97 
Open, 
wetland 
1983-86 
UCLA-2760  
UZ-2285  
UZ-2283  
UZ-2286  
UZ-2282  
OxA-20700  
OxA-20701  
UZ-2171  
UZ-2175  
UZ-2172  
UZ-2177  
UZ-2170  
UZ-2173  
UZ-2174  
UZ-2287  
UZ-2284  
B-4530  
17695±210c 
13050±155c 
12950±155c 
12870±135c 
12825±155c 
12815±65b 
12805±75b 
12730±135c 
12630±130c 
12620±145c 
12600±145c 
12550±130h 
12540±140c 
12510±130c 
12500±145c 
12120±170h 
11120±110c 
21128±210 
15937±460 
15766±490 
15559±459 
15414±462 
15315±257 
15293±269 
15126±367 
14983±349 
14967±362 
14939±361 
14870±350 
14852±362 
14811±357 
14778±387 
14190±333 
13027±151 
Egloff (1985); Leesch 
et al. (2010) 
8 Käsloch 420m 47.37 7.91 Cave 1905 
ETH-39770  
ETH-39769  
ETH-39771  
13760±45 
12505±45 
12450±45 
16931±154 
14825±291 
14719±313 
Bally (1908); 
Zuberbühler Koch 
(2002) 
9 Monruz 428m 47 6.96 
Open, 
wetland 
1989-92 
ETH-6412  
ETH-6413  
ETH-6421  
13970±110g 
13330±110g 
13140±120g 
17225±228 
16255±436 
16064±419 
Egloff (1991); Leesch 
et al. (2010) 
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ETH-6420  
ETH-6416  
OxA-20699  
ETH-6417  
ETH-6415  
ETH-6419  
ETH-6414  
ETH-20727  
13120±120g 
13070±130g 
13055±60b 
13030±120g 
12900±120g 
12880±120g 
12840±120g 
12800±85g 
16040±419 
15970±433 
15946±392 
15910±435 
15654±452 
15586±436 
15444±397 
15281±282 
10 Schweizersbild 472m 47.72 8.64 Abri 1891-93 
OxA-5745  
ETH-44392  
ETH-44390  
ETH-44391  
OxA-5744  
13940±100h 
12690±50 
12240±60 
12240±50 
11780±90h 
17196±223 
15077±33 
14308±258 
14303±251 
13678±152 
Nüesch (1892); 
Höneisen and Peyer 
(1994) 
11 Abri Neumühle 520m 47.44 7.33 Abri 1965 ETH-44393  
B-4665  
12305±40 
10250±700h 
14439±324 
11789±912 
Bandi (1967/68); 
Sedlmeier (1989) 
12 Birseck-Ermitage 357m 47.49 7.63 Cave 1910/1914 
B-4261  
ETH-43307  
B-4260  
12040±80c 
11900±55b 
11860±100c 
14049±239 
13799±148 
13776±163 
Sarasin et al. (1918); 
Sedlmeier (1989) 
13 Rislisberghöhle 488m 47.3 7.7 Cave 1971/1973 
ETH-42517  
ETH-42515  
ETH-42516  
ETH-42514  
ETH-44377  
Ly-1099  
ETH-39768  
13000±50b 
12710±45b 
12680±45b 
12235±45b 
12575±55 
11860±230c 
10770±45 
15856±398 
15112±296 
15064±301 
14292±245 
14924±293 
13868±346 
12749±50 
Barr (1977); Stampfli 
et al. (1983)  
14 Brügglihöhle 370m 47.44 7.56 Cave 1940/1943/1951-52 Late Magdalenian (typology) 
Bandi et al. 
(1952/53); Tillet 
(2001)  
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ESM 2: Effect of tissue type (tooth, bone), storage time after excavation (20-50 y, 70-90 y, 110-140 y); and 
sample age (17-12 ky, 23 ky, 47-37 ky) on: A: percentage of samples with amplifiable 75 bp mtDNA d-loop 
fragment; B: proportion of positive (dark grey) to negative (light grey) PCR products; C: mtDNA damage as 
represented by percentage of C→T substitutions for positive Palaeolithic equid remains from cave/abri sites in 
Switzerland. See fig. 2, 3, and 5 for the graphical descriptions (charts) of samples ages. Significance codes: 
0.001 = ***, 0.01 = **, 0.05 = *.  
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ESM 3: Horizontal plan of Kesslerloch, Switzerland with Palaeolithic equid samples from the interior (section n-
m, and c) and from the entrance area (s). Samples without amplifiable 75 bp mtDNA d-loop fragment are 
crossed. Two samples from “general area” are not shown. Modified from Heierli (1907). 
Heierli J (1907) Das Kesslerloch bei Thaingen. Neue Denkschriften der Schweizerischen Naturforschenden 
Gesellschaft 43  
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ESM 4: Effect of distribution within the cave (interior, entrance) and tissue type (tooth, bone) on: A: percentage 
of samples with amplifiable 75 bp mtDNA d-loop fragment; B: proportion of positive (dark grey) to negative 
(light grey) PCR products; C: mtDNA damage as represented by percentage of C→T substitutions for positive 
Palaeolithic equid remains from Kesslerloch, Switzerland. Significance codes: 0.001 = ***, 0.01 = **, 0.05 = *. 
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ESM 5: Longitudinal section of Kohlerhöhle, Switzerland showing location of the samples in the abri (Abri), 
entrance (Entrance) and the interior (Corridor, Hall, Corner). Samples without amplifiable mtDNA are crossed. 
Two samples without known location are not shown. Modified with permission from Archäologie und 
Kantonsmuseum Basel-Landschaft. 
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ESM 6: Effect of distribution within the cave (abri, entrance and interior) and age (17-12 ky, 23 ky) on: A: 
percentage of samples with amplifiable 75 bp mtDNA d-loop fragment; B: proportion of positive (dark grey) to 
negative (light grey) PCR products; C: mtDNA damage as represented by percentage of C→T substitutions for 
positive Palaeolithic equid remains from Kohlerhöhle, Switzerland. Significance codes: 0.001 = ***, 0.01 = **, 
0.05 = *. 
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2.2 Elsner J, Hofreiter M, Schibler J, Schlumbaum A (2017) Ancient mtDNA 
diversity reveals specific population development of wild horses in 
Switzerland after the Last Glacial Maximum. PLoS ONE 12(5): e0177458, 
doi:10.1371/journal.pone.0177458 
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S1 Fig: Density plots of randomisation test (10,000 permutations with replacement) based on 
nucleotide (left panel) and haplotype (right panel) diversity for datasets 1-3. Unbiased and 
thus comparable pairs are framed. A: Dataset 1; B: Dataset 2; C: Dataset 3. 
S1 Fig A: Density plots of randomisation test (10,000 permutations with replacement) based 
on nucleotide (left panel) and haplotype (right panel) diversity. Dataset 1. 
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S1 Fig B: Density plots of randomisation test (10,000 permutations with replacement) based 
on nucleotide (left panel) and haplotype (right panel) diversity. Unbiased and thus comparable 
pairs are framed blue. Dataset 2. 
  
  
 56 
 
  
  
  
 57 
 
  
  
 
S1 Fig C: Density plots of randomisation test (10,000 permutations with replacement) based 
on nucleotide (left panel) and haplotype (right panel) diversity. Unbiased and thus comparable 
pairs are framed blue. Dataset 3. 
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S2 Fig: Mismatch distribution (observed, bold line, and expected, dashed line) within time 
bins. X-axis: pairwise differences, y-axis: number of pairs. A: Dataset 1; B: Dataset 2; C: 
Dataset 3. 
S2 Fig A: Mismatch distribution (observed, bold line, and expected, dashed line) within time 
bins. X-axis: paiwise differences, y-axis: number of pairs. Dataset 1. 
  
  
  
 
S2 Fig B: Mismatch distribution (observed, bold line, and expected, dashed line) within time 
bins. X-axis: paiwise differences, y-axis: number of pairs. Dataset 2. 
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S2 Fig C: Mismatch distribution (observed, bold line, and expected, dashed line) within time 
bins. X-axis: paiwise differences, y-axis: number of pairs. Dataset 3. 
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S3 Fig: Density plots of randomization of Eurasian Pleistocene horse sample groups (10 k 
permutations with replacement) based on nucleotide diversity. Swiss/Swabian samples: 
dataset 2. Rejections of null hypothesis are framed blue (Swiss LGM vs. Asia BLGM 0.0208; 
Swiss LGM vs. Swiss PLGM 0.034). 
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S4 Fig: Influential haplogroups (loadings) of component 1 (left panel) and 2 (right panel) for 
PCA graph.
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S1 Table: Details of investigated sites, including site context, main references, location, laboratory and archaeological code, skeletal element, 
GenBank accession code, and dates [extended from 29]. 
Name of site Site context Reference 
Location 
(alt., lat., 
lon.) 
S a m p l e s  A g e  
Lab code Arch code 
Skeletal 
element 
Genbank 
accession 
code 
Haplogroup 
Direct from sample From other specimens 
BP calBP BP calBP 
1 Schalbergfelsenhöhle 
Limestone cave 
used by different 
species and at 
different times. 
(57) 425m, 
47.47, 7.57 
PS1 Sch.795 Pre(Molar) KC893841 A 
ETH39763 
34980±330 
40032±856 
 
PS2 Sch.833 Pre(Molar) KC893842 A 
ETH49373 
32935±268 
37414±676 
PS4 Sch.806 Pre(Molar) KC893843 X3 
ETH39764 
35995±320 
41344±296 
PS5 Sch.805 Pre(Molar) KC893844 B 
ETH49374 
10544±41 
12511±140 
2 Kohlerhöhle 
Cave dwelling 
with two distinct 
cultural layers 
covered with 
sinter. 
(58, 59) 378m, 
47.43, 7.57 
KOH1 
KOHI* 
A.3.L. 
Premolar 3/4 inf. 
sin. 
KC893804 B 
ETH39760 
11525±60 
13423±117 B-4971 11640±150 13533±188b 
KOH2 A.3.L. 
Molar 1/2 inf. 
dext. 
  
B-4969 12820±160 15401±471b 
KOH3 A.3.L. 
Molar 1/2 inf. 
sin. 
ETH-43309 12460±45 14751±297c 
KOH5 A.3.L. 
Molar 3 inf. 
dext. 
ETH-43310 16205±55 19350±289c 
KOH6 
KOHII* 
- Incisive dec. 
KC893805 A 
  
  
KOH9 H.a. 
Premolar dec.3 
inf. dext. 
ETH39761 
12790±45 
15270±248 
KOH13 
KOHIII* 
- Incisive 
KC893806 B 
  
KOH18 - 
Premolar 2 sup. 
dext. 
ETH39762 
12465±40 
14761±293 
KOH4 A.6.r Molar 3 inf. sin. KC893807 D 
  
KOH7 H.a.g. Incisive KC893808 A 
KOH8 H.a. Incisive KC893809 A 
KOH10 H.a. Incisive KC893810 K 
KOH11 P.2.L. Incisive KC893811 A 
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KOH12 H.a. Incisive KC893812 A 
KOH17 - 
Premolar 3/4 
dec. sup. sin. 
KC893813 B 
KOH19 - 
Maxilla dext., 
Premolars 2-3, 
Molars 1-3 
KC893814 H 
KOH20 Prof. 13-14 
Maxilla sin., 
Premolars 2-3, 
Molars 1-3 
KC893815 H 
KOH21 
Prof. 9-10 
L.o. 
Molar sup. KC893816 X3 
KOH22 
Prof. 14-16 
Sch. I 
Molar sup. KC893817 X3 
ETH44383 
19615±75 
23406±338 
KOH23 P.12.L.u. Molar sup. KC893818 X3 
ETH44381 
19810±65 
23721±275 
KOH24 P.11.L.u. Molar sup. KC893819 X3 
ETH44380 
19970±70 
23897±315 
KOH25 
Prof. 14-16 
Sch. II 
Molar sup. KC893820 X3   
KOH26 P.1.L.u.B. Molar sup. KC893821 A 
ETH44378 
12765±40 
15223±258 
KOH27 
Prof. 13 M-
u. 
Molar sup. KC893822 X3 
ETH44382 
19730±75 
23610±251 
KOH28 
Prof. 14-16 
Sch. II 
Molar sup. KC893823 X3 
  
KOH29 P.12 L.u. Molar sup. KC893824 B 
KOH30 
Prof. 10 
R.m. 
Molar sup. KC893825 X3 
ETH44379 
19305±75 
23067±265 
KOH31 P.0-1 Molar sup. KC893826 A   
3 Kesslerloch 
Limestone cave 
dwelling, layers 
covered with 
sinter. 
(60-63) 440m, 
47.75, 8.69 
KES1 KESLH 33 Metapodial KC893761 X4b   B-3327 11220±180 13120±198d 
KES2 
KESLH 
33.2 
Metapodial KC893762 X4b   KIA-33350 12225±45 14277±239e 
KES3 
KESLH 26 
II s 
Incisive KC893763 B   KIA-33351 12335±45 14502±338e 
KES5 
KESLH 21 
II c 
Incisive KC893764 X4b   KIA-11826 12502±52 14819±295e 
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KES8 
KESLH 
33_21 
Metapodial KC893765 A/B/C/D/F   OxA-5748 12770±90 15213±302f 
KES9 
KESLH 
33_22 
Metapodial KC893766 B   KIA-11825 12774±54 15237±262e 
KES10 
KESLH 
38_44 
Metapodial KC893767 A/B/C/D/F   KIA-11829 12897±53 15591±329e 
KES11 
KESLH 
38_45 
Metapodial KC893768 X4b   Hv-10652 12890±90 15595±380g 
KES13 KESLH 38 Metapodial KC893769 K   B-3329 12970±180 15798±512d 
KES16 KESLH 38 Metapodial KC893770 A/B/C/D/F   KIA-11827 13052±53 15941±390e 
KES17 KESLH 11 Incisive KC893771 X4b   OxA-5746 13120±90 16038±401f 
KES18 KESLH 26 
(Pre)molar 
M3/P2 
KC893772 X3   OxA-5747 13430±100 16367±427f 
KES19 KESLH 26 
(Pre)molar 
M3/P2 KC893773 X4b   OxA-5750 13670±100 16745±270
f 
KES20 KESLH 26 
(Pre)molar 
M3/P2 KC893774 B   KIA-11828 13858±55 17085±180
e 
KES21 KESLH 26 
(Pre)molar 
M3/P2 KC893775 H   
OxA-10239 
13980±110 
17234±228 
KES27 KESLH 38 
Molar 3 inf. 
dext. 
KC893776 B   OxA-5749 14150±100 17392±254f 
KES29 
KESLH 36 
3 B s 
Molar 3 inf. 
dext. 
KC893777 A 
ETH44387 
13035±60 
15915±396 
OxA-10238 
14330±110 
17505±261e 
KES31 
KESLH 32 
III A c 
Molar sup. KC893778 A   
OxA-10298 
15020±180 
18254±263e 
KES34 
KESLH 13 
I s 
Molar sup. sin. KC893779 A/B/C/D/F 
ETH44388 
12605±50 
14962±295 
  
KES35 
KESLH 34 
III B c 
lower part 
Molar inf. KC893780 A/B/C/D/F   
KES37 
KESLH 34 
III B c 
Molar sup. KC893781 B   
KES38 
KESLH 34 
III B c 
Molar sup. KC893782 A/B/C/D/F   
KES39 
KESLH 26  
II s 
Molar inf.dext. KC893783 X4b   
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KES41 
KESLH 11; 
HE11 
Molar sup. dext. KC893784 B 
ETH44385 
13690±50 
16824±201 
KES42 
KESLH 34 
III B c 
Molar sup. KC893785 D   
KES43 
KESLH 
34_20 
Metapodial KC893786 A/B/C/D/F   
KES46 
KESLH 34; 
HE34 
Molar inf., small KC893787 A/B/C/D/F   
KES47 
KESLH 26 
II s 
Molar sup. KC893788 X4b   
KES48 
KESLH 26 
II s 
Molar sup. KC893789 A   
KES49 
KESLH 24 
II u 
Metapodial KC893790 B 
  KES50 
KESLH 24 
II u 
Metapodial KC893791 K 
KES51 
KESLH 12 
I u 
Metapodial KC893792 H 
KES53 
KESLH 33 
III A s 
Molar sup. dext. KC893793 K 
ETH44384 
12885±65 
15560±333 
KES54 
KESLH 24; 
HE 24 II u 
Molar inf. sin. KC893794 X4b 
  
KES55 
KESLH 24; 
HE 24 II u 
Molar inf. sin. KC893795 X4b 
KES56 
KESLH 24; 
HE 24 II u 
Molar inf. sin. KC893796 A/B/C/D/F 
KES58 
KESLH 33 
III A s 
Molar sup. sin., 
small 
KC893797 X3 
KES59 
KESLH 34 
III B c 
Molar inf. dext. KC893798 B 
KES61 
KESLH 
AG22 
Metacapal small KC893799 A/B/C/D/F 
KES62 
KESLH 
AG19 
Metatarsal KC893800 K/X4b   
KES63 
KESLH 21 
II c 
Molar inf. KC893801 A   
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KES66 
KESLH 24 
II n 
Molar sup. sin. KC893802 H 
ETH44386 
12795±55 
15277±254 
KES67 
KESLH 24 
II n 
Molar sup. sin. KC893803 X3   
4 Käsloch 
Limestone cave 
dwelling. 
(64, 65) 420m, 
47.37, 7.91 
KL1 127 6 7138 Molar KC893827 B 
ETH39769 
12505±45 
14825±291 
  KL3 127 6 7102 Molar KC893828 A/B/C/D/F 
ETH39770 
13760±45 
16931±154 
KL4 127 6 7140 Molar KC893829 H 
ETH39771 
12450±45 
14719±313 
5 Rislisberghöhle 
Limestone cave 
dwelling. 
(66, 67) 488m, 47.3, 
7.7 
RIS3 707 
Dec. molar inf. 
sin. 
KC893831 K 
ETH39768 
10770±45 
12749±50 Ly-1099 11860±230 13868±346b 
RIS6 
103/28 
Fk252 
Feld66 
(Pre)molar KC893832 K   ETH-42516 12680±45 15064±301c 
RIS7 
103/28 
Fk1133 
(Pre)molar KC893833 K   ETH-42515 12710±45 15112±296c 
RIS13 
103/28 
Fk1130 
(Pre)molar KC893834 K 
ETH44377 
12575±55 
14924±293 ETH-42517 13000±50 15856±398c 
6 Schweizersbild Rockshelter. (68, 69) 472m, 
47.72, 8.64 
SB1 
Yellow 
cultural 
layer 
Molar inf. KC893835 B 
  
  
SB2 
Yellow 
cultural 
layer 
Molar inf. KC893836 B 
SB6 
Yellow 
cultural 
layer 
(Pre)molar inf. KC893837 A 
ETH44390 
12240±60 
14308±258 
SB7 - Molar inf. KC893838 B ETH44392 
12690±50 
15077±33 
SB10 - Molar sup. KC893839 A   
SB11 
Lower 
rodent layer 
Molar sup. KC893840 X3 
ETH44391 
12240±50 
14303±251 
7 Abri Neumühle Rockshelter. (70) 520m, 
47.44, 7.33 
RAN1 
NM o.B. 
89.1.A 
Molar KC893830 C 
ETH44393 
12305±40 
14439±324   
8 Twann-Bahnhof Lacustrine 
settlement, 
(71) 426m, 
47.09,7.17 
TWB3 1009.6 
Metatarsus III 
dext. dist. 
KC893755 B 
ETH39773 
4800±35 
5540±46 
dendrochronological 
layer date 3666±35 BC 
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transgressed. 
TWB4 167 
Phalanx I post. 
dext., Phalanx II, 
Humerus prox. 
Epiphysis sin. 
KC893756 D   
dendrochronological 
layer date 3598±25 BC 
TWB5 
909.21 
Layer E6 
Phalanx I ant. 
sin. 
KC893757 B 
ETH39774 
4740±35 
5467±97 
dendrochronological 
layer date 3598±25 BC 
TWB9 1723.5 
Premolar dec.2 
inf. dext. 
KC893758 B 
  
dendrochronological 
layer date 3666±35 BC 
TWB10 1247 V-10 Scapula sin. dist. KC893759 A/B/C/D/F 
dendrochronological 
layer date 3666±35 BC 
TWB13 1127 V-10 Sesamoid KC893760 A 
dendrochronological 
layer date 3666±35 BC 
9 Mumpf Settlement. (72) 287m, 
47.55, 7.92 
MU1 123 
Premolar 3/4 
sup. 
KC893753 D 
ETH36444 
4525±55 
5180±101i 
  
MU2 - Molar 3 sup. KC893754 D 
ETH36446 
4395±60 
5042±139i 
aBodenforschung Basel-Stadt, b[73], c[74], d[75], e[63], f[76], g[77], i[72]. 
*Multiple teeth presumably belonging to the same individual. 
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S2 Table: Parameters for weighting of nucleotide positions for Median Joining Network analysis based on 97 Pleistocene horse mitochondrial d-
loop sequences. 
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S3 Table: Details of haplogroups detected in Pleistocene horses from the Swiss and Swabian 
Jura region, nomenclature follows [2]. Haplogroup defining nucleotide positions relative to 
the horse reference mitogenome [1] are shown according to their position. All deviations from 
the reference sequence are given, with mandatory defining positions in bold and optional 
nucleotide positions in parenthesis. Note that transitions on nucleotide positions 15,585; 
15,604 and 15,650 occur sporadically in all haplogroups; these positions are regarded as 
hotspots and therefore dismissed. 
Haplogroup Nucleotide positions 
A 15,495; 15,602; 15,720 
B 15,495; 15,602; 15,617; (15,635); (15,649); (15,659); 15,720 
C 15,495; 15,602; (15,649); 15,720 
D 15,495 
H 15,495; 15,536; 15,602; 15,720 
K 15,495; 15,602; 15,703; 15,720; (15,740) 
X3 15,495; 15,542; (15,544); 15,602; 15,666; 15,720 
X4b 15,495; 15,540; 15,602; (15,718); 15,720 
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S4 Table: Nucleotide and haplotype diversities in horse populations from Switzerland and the 
Swabian Jura (all datasets). 
Time period 
Dataset 1 Dataset 2 Dataset 3 
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Palaeontological 4 3 0.0111 0.83 4 4 0.0104 1 4 4 0.0104 1 
Badegoulian 11 3 0.0089 0.47 11 4 0.0093 0.6 5 1 0 0 
Magdalenian 70 14 0.0092 0.63 53 28 0.016 0.95 20 8 0.0091 0.7 
Magd. + Azilian 74 14 0.0103 0.63 57 29 0.0159 0.95 -  - - 
Azilian 4 2 0.0111 0.67 4 3 0.0104 0.83 3 2 0.0111 0.67 
Neolithic 8 3 0.0086 0.68 6 2 0.0149 0.6 4 2 0.0166 0.67 
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S5 Table: FST values of pairwise populations (all datasets). Lower triangle: FST values, upper triangle: p values. Comparable populations are 
boxed, significant FST values are in bold. 
 Dataset 1 Dataset 2 Dataset 3 
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logical 
- .009 .3 .3 .4 .1 - .01 .6 .5 .2 .1 - .008 .5 .08 .2 
Badegoulian .4 - 0 .0002 .003 .001 .3 - .0003 .0003 .002 .0003 .77 - 0 .01 .008 
Magda-
lenian 
.01 .28 - .8 .05 .05 0 .16 - 1 .1 .0008 0 .68 - .03 .003 
Magd.+ 
Azilian 
.009 .26 0 - .1 .07 0 .17 0 - .2 .0006 - - - - - 
Azilian .22 .5 .17 .09 - .06 .17 .46 .06 .04 - .1 .21 .85 .25 - .2 
Neolithic .13 .45 .07 .07 .33 - .21 .5 .2 .2 .26 - .17 .78 .29 .21 - 
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S6 Table: Tajima’s D, Fu’s FS, sum of squared deviances (SSD) and Harpending’s raggedness index results for horse populations from 
Switzerland and the Swabian Jura (all datasets). Significant results are in bold. NaN = not a number because only one haplotype was present.
 Dataset 1 Dataset 2 Dataset 3 
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Palaeontol. -0.21 .6 0.56 .5 0.27 0.03 0.75 0.2 -0.8 .2 -1.51 .06 0.03 0.8 0.11 0.9 -0.8 .2 -1.51 .05 0.03 0.8 0.11 0.9 
Badegoulian 0.19 .6 2.34 .9 0.33 0.0007 0.4 0.9 -0.09 .5 0.77 .7 0.13 0.1 0.33 .02 NaN NaN NaN NaN NaN NaN NaN NaN 
Magdalenian -1.53 .04 -8.39 .0004 0.24 0.0003 0.03 1 -1.32 .07 -21.71 0 0.001 0.6 0.02 0.6 -1.53 .049 -2.3 .07 0.07 0.1 0.25 0.09 
Magd.+Azil. -1.35 .07 -7.29 .001 0.02 0.4 0.1 0.5 -1.29 .08 -22.59 0 0.001 0.63 0.02 0.6 - - - - - - - - 
Azilian 2.08 1 2.72 .9 0.37 0.02 1 0.3 1.37 .9 0.46 .5 0.08 0.33 0.25 0.7 0 .8 2.02 .8 0.37 0.05 1 0.6 
Neolithic 0.58 .8 0.72 .6 0.06 0.2 0.23 0.3 2.12 1 4.51 1 0.38 0.02 0.88 0.03 2.16 1 3.53 .9 0.41 0.02 1 0.3 
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S7 Table: Sequences of published Pleistocene horses from Eurasia. Sequences marked with an 
‘a’ are part of draft full genomes which are obtainable as SRA-Illumina runs on GenBank.  
Origin Date GenBank accession code Reference 
Germany (south) 50-14,000 BP 
DQ007558/DQ007611; 
DQ007556/DQ007609; DQ007591; 
DQ007590 
Weinstock et al. (2005) 
FJ204352 Cieslak et al. (2010) 
Russian Federation 
(Taymyr peninsula) 
43-16,000 BP upon request a Orlando et al. (2013) 
Russian Federation 
(Novosibirsk islands, 
Sakha Republic) 
40-20,000 BP 
upon request a Orlando et al. (2013) 
JN570964-JN570966 Lorenzen et al. (2011) 
FJ204314-FJ204318 Cieslak et al. (2010) 
Russian Federation (Lena 
river delta, Sakha 
Republic) 
36-31,000 BP 
JN570958; JN570959 Lorenzen et al. (2011) 
DQ007577 Weinstock et al. (2005) 
Russian Federation 
(Kolyma lowlands, Sakha 
Republic) 
38-17,000 BP JN570957; JN570961 Lorenzen et al. (2011) 
Russian Federation (Yana 
river basin, Sakha 
Republic) 
22,500 BP JN570960 Lorenzen et al. (2011) 
Russian Federation 
(Urals) 
46-17,000 BP 
JN570954; JN570972-JN570982; 
JN570993 
Lorenzen et al. (2011) 
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S8 Table: Nucleotide and haplotype diversity of Eurasian Pleistocene horses based on pairwise 
deletion of missing nucleotides. 
Region Time bin 
Number of 
sequences 
Number of 
haplotypes 
Nucleotide 
diversity 
Haplotype 
diversity 
Asia 
BLGM 11 6 0.0164 0.8 
LGM 3 2 0.015 0.67 
PLGM 2 2 0.0187 1 
Urals 
BLGM 7 5 0.0153 0.9 
LGM 2 2 0.015 1 
PLGM 4 3 0.0137 0.83 
Switzerland 
BLGM 4 4 0.0104 1 
LGM 11 4 0.0093 0.6 
PLGM 57 29 0.0159 0.95 
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S9 Table: FST values of Eurasian Pleistocene horses. Lower triangle: FST values, upper triangle: p values. Comparable populations are boxed, 
significant FST values are in bold. Swiss/Swabian samples: dataset 2. 
A 
Asia 
BLGM 
Asia 
LGM 
Asia 
PLGM 
Ural 
BLGM 
Ural 
LGM 
Ural 
PLGM 
Swiss 
BLGM 
Swiss 
LGM 
Swiss 
PLGM 
Asia 
BLGM - 0.3 0.6 0.5 0.6 0.5 0.7 0.0008 0.03 
Asia LGM 
0 - 0.4 0.4 0.8 0.3 0.4 0.03 0.09 
Asia 
PLGM 0.068 0.055 - 0.3 1 0.3 0.07 0.05 0.1 
Ural 
BLGM 0 0.01 0.103 - 0.4 0.6 0.7 0.005 0.3 
Ural LGM 
0 0 0 0 - 0.1 0.2 0.01 0.1 
Ural 
PLGM 0 0.076 0.144 0.032 0.255 - 1 0.2 0.8 
Swiss 
BLGM 0 0.031 0.203 0 0.203 0 - 0.02 0.5 
Swiss 
LGM 0.233 0.383 0.387 0.265 0.51 0.162 0.297 - 0.0003 
Swiss 
PLGM 0.05 0.11 0.142 0.01 0.163 0 0 0.167 - 
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2.3 Elsner J, Deschler-Erb S, Stopp B, Schibler J, Hofreiter M, Schlumbaum A 
(2016) Mitochondrial d-loop variation, coat colour and sex identification of 
Late Iron Age horses in Switzerland. J Archaeol Sci: Rep 6:386-396. 
doi:10.1016/j.jasrep.2016.03.007 
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Electronic supplementary material 
 
Table S1: Modern horse information including breed name and origin, number of samples, 
group assignment and references or GenBank ID in case of unpublished papers. *three 
specimens with missing data were excluded (HQ153733; HQ153734; HQ153738). 
Table S2: Haplogroup definition following Cieslak et al. (2010). 
Table S3: Parameters for weighting of nucleotide positions for Median Joining Network 
analysis based on 14 ancient and 355 modern mitochondrial d-loop sequences. 
Table S4: Summary statistics of Iron Age horses and modern breeds. Given are number of 
samples (n), number of loci without missing data (loci), number of segregating sites (S), 
haplotype diversity and nucleotide diversity (π).  
Table S5: Fixation indices (FST) and p-values for Iron Age horses and modern breeds based on 
pairwise differences. 
Table S6: Fixation indices (FST) and p-values for Iron Age horses and modern breeds grouped 
according to size and origin based on pairwise differences. 
Figure S1: Results of PCR amplification with primer systems Both_f/Dup_r (left panel) and 
Both_f/Both_r (right panel) for Freiberger (FM) and Camargue (CA) horses. Pictures 
represent Freiberger stallion Cardinal (fm-ch.ch) and Camargue stallion Ugo du Pous 
(maspousaraque.com). 
Figure S2: PCA plot based on relative mtDNA haplotype frequencies. The two dimensions 
display 48 % of the total variance. The contribution (loading) of each haplotype is presented 
by bar charts for component 1 and 2. 
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Table S1: Modern horse information including breed name and origin, number of samples, 
group assignment and references or GenBank ID in case of unpublished papers. *three 
specimens with missing data were excluded (HQ153733; HQ153734; HQ153738). 
Breed Origin 
Number of 
samples 
Type References or GenBank ID 
Bardigiano Italy 18 Horse Bigi et al. (2014) 
Black Forest Germany 54 Horse KC147073-KC147126 
Comtois Eastern France 25 Horse KC147179-KC147203 
Connemara Ireland 22 Pony 
Hill et al. (2002), Prystupa 
et al. (2012) 
Dale Great Britain 12 Pony Prystupa et al. (2012) 
Dartmoor Great Britain 12 Pony Prystupa et al. (2012) 
Eriskay Great Britain 12 Pony Prystupa et al. (2012) 
Exmoor Great Britain 23 Pony 
Jansen et al. (2002), 
Prystupa et al. (2012) 
Fjord Norway 22 Pony 
Jansen et al. (2002), 
Prystupa et al. (2012) 
Freiberger Switzerland 18 Horse 
KC147043; KC147048; 
KC147053; KC147058-
KC147073 
Garrano Spain 10 Pony Royo et al. (2005) 
Giara Italy 25 Pony Morelli et al. (2014) 
Haflinger Italy 28 Pony Bigi et al. (2014) 
Highland Great Britain 11 Pony Prystupa et al. (2012) 
Hucul Carpathians 10 Pony Priskin et al. (2010) 
Icelandic Iceland 
modern 22 
museum 35* 
Pony Campana et al. (2012) 
Italian Heavy 
Draught 
Italy 27 Horse Bigi et al. (2014) 
Kerry Bog Ireland 49 Pony 
McGahern et al. (2006b), 
Prystupa et al. (2012) 
Maremmano Italy 25 Horse Bigi et al. (2014) 
Marismeño Spain 12 Horse Royo et al. (2005) 
Medjimurje Croatia 55 Horse JQ520291-JQ520345 
Murgese Italy 23 Horse Bigi et al. (2014) 
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Pottoka Spain 13 Pony Royo et al. (2005) 
Pura Raza 
Española 
Spain 41 Horse 
Jansen et al. (2002), Lopes 
et al. (2005), Royo et al. 
(2005) 
Sarcidano Italy 18 Horse Morelli et al. (2014) 
Shetland Great Britain 75 Pony 
Hill et al. (2002), Bower et 
al. (2011) 
Ventasso Italy 36 Horse Bigi et al. (2014) 
Vyatskay 
Volga region, 
Russia 
18 Pony McGahern et al. (2006a) 
Welsh Great Britain 10 Pony Prystupa et al. (2012) 
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Table S2: Haplogroup definition following Cieslak et al. (2010). 
Haplogroup Defining sequence pattern, reference NC_001640 (Xu et al., 1994); 16’xxx 
A 495C; 602T; 720A 
B 495C; 602T; 617C; 720A 
D Reference or 495C 
F 495C; 601C; 602T; 720A 
I 495C; 538G; 602T; 720A 
G 495C; 521A; 602T; 720A; 737C 
H deletion at 532 
K 495C; 602T; 703C; 720A; 740G 
X2 494C; 495C; 496G; 534T; 720A 
X3 495C; 542T; 602T; 635T;  666A; 703C; 720A 
X4 495C; 526C; 540G 
X7 495C; 602T; 615G; 616G; 703C; 720A 
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Table S3: Parameters for weighting of nucleotide positions for Median Joining Network analysis based on 14 ancient and 355 modern mitochondrial d-loop 
sequences. 
1 2 3 12 14 28 29 33 34 36 39 40 41 43 45 47 48 49 50 53 76 81 82 83 84 91
Positions in the reference sequence NC_001640 15494 15495 15496 15505 15507 15521 15522 15526 15527 15529 15532 15533 15534 15536 15538 15540 15541 15542 15543 15546 15569 15574 15575 15576 15577 15584
Nucleotide sequence of reference NC_001640 t c a t t g a t a c c a c t a a c c a c t g g c c c
Nucleotide sequence of majority t t a t t g a t a c c a c t a a c c a c t g g c c c
Number of changes to A 5 2
Number of changes to T 7 1 1 1 78 2 42 1 1 1
Number of changes to C 78 11 1 1 1 1
Number of changes to G 1 78 2 2 2 17 10 1 1
Number of deletions 5 1
Number of insertions
Number of transitions 78 7 78 1 5 2 11 1 2 78 1 17 10 2 42 1 2 1 1
Number of transversions 1 2 1 1 1 1 1 1
Number of differences to majority (n=301) 78 8 78 2 1 6 2 11 1 1 x x 78 1 17 10 2 42 1 1 1 2 1 1 1 1
Weight (positions without polymorphisms are not 
included in Network analysis 11 46 11 49 50 47 49 45 50 50 99 99 11 50 42 45 49 29 50 50 50 49 50 50 50 50
92 96 103 104 105 106 107 108 109 110 111 120 122 123 124 125 126 130 133 134 138 139 140 141 142 146
Positions in the reference sequence NC_001640 15585 15589 15596 15597 15598 15599 15600 15601 15602 15603 15604 15613 15615 15616 15617 15618 15619 15623 15626 15627 15631 15632 15633 15634 15635 15639
Nucleotide sequence of reference NC_001640 g t a a t t g t t t g a a a t a a t a c a t a t c t
Nucleotide sequence of majority g t a a t t g t c t g a a a t a a t a c a t a t c t
Number of changes to A 140 3 58 1 1 1
Number of changes to T 1 36
Number of changes to C 1 1 5 18 68 79 23 1 1 1 1
Number of changes to G 1 4 55 1 1 1 2 10 7 2 1 1
Number of deletions
Number of insertions
Number of transitions 140 1 4 55 5 3 18 68 79 58 2 10 7 23 1 1 1 1 36
Number of transversions 1 1 1 1 1 1 1 2 1 1 1 1
Number of differences to majority (n=301) 141 2 4 55 5 1 3 19 68 80 58 2 10 7 23 1 1 2 1 1 1 1 1 1 37 1
Weight (positions without polymorphisms are not 
included in Network analysis 0 49 48 23 48 50 49 41 16 10 21 49 45 47 39 50 50 49 50 50 50 50 50 50 32 50
151 156 157 158 164 166 172 173 174 176b 182 184 185 189 190 193 197 198 199 201 207 213 218 221
Positions in the reference sequence NC_001640 15644 15649 15650 15651 15657 15659 15665 15666 15667 15701 15703 15704 15708 15709 15712 15716 15717 15718 15720 15726 15732 15737 15740
Nucleotide sequence of reference NC_001640 t a a g t t t g a _ a t c a c a c a c a g c t a
Nucleotide sequence of majority t a a g t t t g a _ a t c a c a c a c g g c t a
Number of changes to A 2 1 67 1 1 1 15 299
Number of changes to T 1 15 11 2 201
Number of changes to C 1 25 1 94 5 1 419
Number of changes to G 84 96 1 13 1 2 2 1 1 15 1 26 443
Number of deletions 6
Number of insertions 3 3
Number of transitions 84 96 1 1 25 67 13 1 94 2 15 1 1 11 15 15 5 26 1326
Number of transversions 2 1 2 1 3 1 1 3 36
Number of differences to majority (n=301) 2 84 96 1 1 25 1 67 15 x 1 94 1 2 18 1 1 1 11 15 15 1 5 29 1360
Weight (positions without polymorphisms are not 
included in Network analysis 49 8 2 50 50 38 50 17 45 99 50 3 50 49 41 50 50 50 45 43 43 50 48 36
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Table S4: Summary statistics of Iron Age horses and modern breeds. Given are number of 
samples (n), number of loci without missing data (loci), number of segregating sites (S), 
haplotype diversity and nucleotide diversity (π).  
Name n Loci S Haplotype diversity π 
Iron Age 14 211 20 0.9231±0.0604 0.029634±0.016805 
Bardigiano 18 247 21 0.9935±0.0210 0.027705±0.015300 
Black Forest 54 247 23 0.8567±0.0289 0.024144±0.012976 
Comtois 25 247 17 0.9400±0.0235 0.021161±0.011800 
Connemara 22 248 21 0.9524±0.0291 0.024927±0.013741 
Dale 12 247 14 0.5758±0.1634 0.015765±0.009574 
Dartmoor 12 247 10 0.4394±0.1581 0.014722±0.009028 
Eriskay 12 247 12 0.5909±0.1079 0.017667±0.010570 
Exmoor 23 247 18 0.7352±0.0775 0.021507±0.012017 
Fjord 22 247 22 0.8874±0.0430 0.026184±0.014372 
Freiberger 18 247 22 0.9542±0.0394 0.025271±0.014075 
Garrano 10 247 16 0.9778±0.0540 0.025461±0.014929 
Giara 25 248 32 0.9433±0.0366 0.020591±0.011512 
Haflinger 28 247 27 0.9656±0.0244 0.027194±0.014717 
Highland 11 247 15 0.8364±0.0887 0.027236±0.015698 
Hucul 10 247 10 0.7111±0.1175 0.016734±0.010283 
Iceland all 57 247 19 0.8778±0.0267 0.021892±0.011874 
Iceland modern 22 247 16 0.8961±0.0408 0.022977±0.012776 
Iceland museum 35 247 19 0.8706±0.0354 0.021338±0.011742 
Italian HD 27 247 31 0.9829±0.0154 0.025745±0.014024 
Kerry Bog 49 247 26 0.9209±0.0173 0.021289±0.011618 
Maremmano 25 247 26 0.9900±0.0142 0.028448±0.015405 
Marismeno 12 247 14 0.8485±0.0744 0.024107±0.013929 
Medjimurje 55 247 28 0.9333±0.0152 0.027997±0.014832 
Murgese 23 247 21 0.9644±0.0224 0.023651±0.013083 
Pottoka 13 247 15 1.0000±0.0302 0.017440±0.010374 
Pura Raza ESP 41 247 24 0.9341±0.0188 0.024686±0.013320 
Sarcidano 18 248 36 0.9608±0.0335 0.032838±0.017875 
Shetland 75 247 26 0.8555±0.0232 0.024624±0.013137 
Ventasso 36 247 23 0.8794±0.0463 0.025101±0.013571 
Vyatskaya 18 247 17 0.9281±0.0373 0.021116±0.011982 
Welsh 10 247 16 1.0000±0.0447 0.023122±0.013686 
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Table S5: Fixation indices (FST) and p-values for Iron Age horses and modern breeds based on pairwise differences.  
 
Iron Age Bardigiano Black Forest Comtois Connemara Dale Dartmoor Eriskay Exmoor Fjord Freiberger Garrano Giara Haflinger Highland Hucul Iceland all
Iceland 
modern
Iceland 
museum
Italian 
Heavy 
Draught Kerry Bog
Maremman
o Marismeno Medjimurje Murgese Pottoka
Pura Raza 
Espanola Sarcidano Shetland Ventasso Vyatskaya Welsh
Iron Age 0
Bardigiano 0.01746 0
Black Forest 0.04607 0.02341 0
Comtois 0.09068 0.05116 0.00331 0
Connemara 0.03084 0 0.00044 0.00451 0
Dale 0.191 0.21946 0.20377 0.21541 0.20717 0
Dartmoor 0.23365 0.14966 0.22654 0.2591 0.12758 0.45012 0
Eriskay 0.18852 0.20454 0.21202 0.24086 0.20255 0.04414 0.41582 0
Exmoor 0.07397 0.16488 0.22231 0.22989 0.1917 0.24375 0.31936 0.27052 0
Fjord 0.01802 0.00577 0.02788 0.02978 0.02883 0.16299 0.23099 0.18814 0.14304 0
Freiberger 0 0.00574 0.02998 0.04157 0.00576 0.174 0.17978 0.159 0.0828 0.0145 0
Garrano 0 0 0 0.03618 0.00501 0.21515 0.25393 0.19587 0.14452 0 0 0
Giara 0.25381 0.35059 0.3887 0.47425 0.41876 0.49914 0.56404 0.5055 0.35228 0.36166 0.35835 0.31828 0
Haflinger 0.03042 0.01885 0 0 0.00907 0.19435 0.229 0.2257 0.20263 0.01653 0.03797 0.0145 0.37184 0
Highland 0.15632 0.03102 0.05478 0.05525 0.06847 0.25547 0.29015 0.23229 0.32649 0.07411 0.11104 0.05143 0.48021 0.0402 0
Hucul 0.12371 0.16291 0.23035 0.28351 0.23899 0.3655 0.45476 0.3422 0.19327 0.1773 0.16879 0.12858 0.33455 0.2428 0.31123 0
Iceland all 0.06831 0.06253 0.11733 0.09486 0.10213 0.13515 0.27427 0.16594 0.1502 0.05093 0.06041 0.03745 0.41545 0.11055 0.12137 0.15539 0
Iceland 
modern 0.08696 0.04503 0.10729 0.08441 0.0971 0.15845 0.28998 0.19311 0.189 0.04343 0.08195 0.03282 0.42128 0.08883 0.0716 0.16795 0 0
Iceland 
museum 0.0476 0.06524 0.11811 0.10045 0.09853 0.12729 0.27866 0.1527 0.12151 0.0489 0.03899 0.03476 0.41467 0.1144 0.14315 0.15283 0 0 0
Italian Heavy 
Draught 0 0 0.04762 0.0833 0.02939 0.19052 0.2054 0.18483 0.1036 0.00544 0 0 0.3063 0.05542 0.13509 0.12445 0.06704 0.07868 0.05197 0
Kerry Bog 0.07863 0.11232 0.15603 0.15157 0.11766 0.06972 0.22754 0.10634 0.08595 0.08317 0.0438 0.10158 0.42892 0.15444 0.22149 0.22255 0.07129 0.10642 0.04571 0.08044 0
Maremmano 0 0.02361 0.08061 0.12516 0.08212 0.18883 0.23972 0.20118 0.08927 0.03632 0.02672 0 0.18581 0.06957 0.14884 0.07621 0.08966 0.08668 0.08058 0.01076 0.10928 0
Marismeno 0.00553 0.01757 0.00215 0.06442 0.01997 0.2629 0.27311 0.25261 0.21097 0 0.01773 0 0.34245 0.01841 0.10355 0.2585 0.14927 0.14878 0.14386 0.00251 0.16177 0.03863 0
Medjimurje 0.01635 0.03098 0.07284 0.06763 0.06539 0.1414 0.22979 0.12321 0.11238 0.01214 0.03111 0 0.32248 0.06011 0.09019 0.12627 0.03838 0.03357 0.03385 0.02838 0.09083 0.03899 0.05613 0
Murgese 0.04453 0.00603 0.05625 0.04753 0.04468 0.18458 0.25067 0.18145 0.12351 0.02995 0.00824 0 0.38527 0.05298 0.07608 0.12234 0.02115 0.01854 0.01879 0.03049 0.08987 0.04329 0.08551 0.01761 0
Pottoka 0.24991 0.15558 0.1006 0.11803 0.10335 0.43172 0.33834 0.42396 0.43335 0.17934 0.20469 0.20732 0.57082 0.08188 0.1048 0.50751 0.3041 0.28802 0.3229 0.23014 0.33846 0.26561 0.15284 0.2203 0.2491 0
Pura Raza 
Espanola 0.0704 0.04163 0 0.01355 0.02001 0.21919 0.26689 0.24238 0.25021 0.02816 0.06777 0.01751 0.4039 0 0.06203 0.27443 0.14556 0.12818 0.14955 0.06474 0.18741 0.10781 0.00336 0.08797 0.08971 0.08195 0
Sarcidano 0 0.03502 0.06581 0.07655 0.0482 0.16916 0.25804 0.16898 0.11026 0.03719 0.02163 0.001 0.31716 0.05553 0.12809 0.17019 0.11355 0.11267 0.09656 0.02055 0.11275 0.05645 0.03412 0.05954 0.04959 0.22297 0.06034 0
Shetland 0.08623 0.05322 0.08795 0.0842 0.07689 0.10863 0.22456 0.08985 0.17145 0.06133 0.02515 0.03917 0.42123 0.09965 0.07551 0.19859 0.05092 0.05974 0.03999 0.07566 0.05221 0.10652 0.10879 0.07058 0.03339 0.23157 0.12483 0.10072 0
Ventasso 0.16323 0.08541 0.06562 0.04472 0.07412 0.26359 0.29623 0.29307 0.29691 0.08467 0.13848 0.09066 0.44777 0.04285 0.05839 0.25889 0.1592 0.11923 0.17579 0.14893 0.24216 0.15349 0.12862 0.11994 0.088 0.14205 0.06404 0.1498 0.15966 0
Vyatskaya 0.01716 0 0.017 0.05487 0 0.24097 0.19541 0.2115 0.18537 0.0077 0 0 0.41042 0.04072 0.10147 0.223 0.09783 0.10961 0.08877 0 0.10313 0.05772 0 0.04905 0.03494 0.19217 0.04547 0.04659 0.05274 0.12422
Welsh 0.10386 0.04711 0.00811 0 0 0.27046 0.24642 0.2978 0.27095 0.04829 0.06996 0.07692 0.49221 0 0.04231 0.37535 0.16896 0.1494 0.17742 0.10343 0.19296 0.14408 0.05114 0.10503 0.10315 0.0062 0 0.07849 0.12483 0.04168 0.06791 0
significance 
code < 0.001 < 0.01 < 0.05
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Iron Age Bardigiano Black Forest Comtois Connemara Dale Dartmoor Eriskay Exmoor Fjord Freiberger Garrano Giara Haflinger Highland Hucul Iceland all
Iceland 
modern
Iceland 
museum Italian HD Kerry Bog
Maremman
o Marismeno Medjimurje Murgese Pottoka
Pura Raza 
ESP Sarcidano Shetland Ventasso Vyatskaya Welsh
Iron Age *
Bardigiano
0.24108± 
0.0032 *
Black Forest
0.07949± 
0.0022
0.13554± 
0.0029 *
Comtois
0.03493± 
0.0014
0.06736± 
0.0020
0.30813± 
0.0036 *
Connemara
0.16016± 
0.0029
0.40574± 
0.0037
0.35362± 
0.0038
0.30032± 
0.0041 *
Dale
0.00144± 
0.0003
0.00044± 
0.0002
0.00062± 
0.0002
0.00306± 
0.0004
0.00125± 
0.0003 *
Dartmoor
0.00075± 
0.0002
0.01568± 
0.0010
0.00031± 
0.0001
0.00137± 
0.0003
0.02787± 
0.0013
0.00000± 
0.0000 *
Eriskay
0.00062± 
0.0002
0.00062± 
0.0002
0.00037± 
0.0001
0.00069± 
0.0002
0.00044± 
0.0002
0.19403± 
0.0035
0.00000± 
0.0000 *
Exmoor
0.03599± 
0.0015
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000 *
Fjord
0.22646± 
0.0031
0.31313± 
0.0036
0.09886± 
0.0023
0.13141± 
0.0026
0.13947± 
0.0028
0.00537± 
0.0006
0.00237± 
0.0004
0.00081± 
0.0002
0.00019± 
0.0001 *
Freiberger
0.62626± 
0.0039
0.32294± 
0.0033
0.11060± 
0.0024
0.10642± 
0.0022
0.31244± 
0.0038
0.00112± 
0.0003
0.00544± 
0.0006
0.00194± 
0.0004
0.01300± 
0.0009
0.23714± 
0.0031 *
Garrano
0.63519± 
0.0038
0.83834± 
0.0029
0.39468± 
0.0037
0.16416± 
0.0029
0.32631± 
0.0038
0.00512± 
0.0006
0.00487± 
0.0006
0.00237± 
0.0004
0.00506± 
0.0005
0.78404± 
0.0033
0.64144± 
0.0036 *
Giara
0.00025± 
0.0001
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00019± 
0.0001 *
Haflinger
0.14622± 
0.0026
0.18378± 
0.0033
0.41086± 
0.0038
0.35843± 
0.0036
0.25077± 
0.0035
0.00137± 
0.0003
0.00131± 
0.0003
0.00025± 
0.0001
0.00000± 
0.0000
0.19371± 
0.0032
0.09642± 
0.0024
0.24158± 
0.0033
0.00000± 
0.0000 *
Highland
0.01712± 
0.0010
0.19321± 
0.0029
0.07392± 
0.0021
0.11667± 
0.0023
0.07217± 
0.0019
0.00612± 
0.0006
0.00369± 
0.0005
0.00819± 
0.0007
0.00000± 
0.0000
0.06924± 
0.0021
0.02587± 
0.0013
0.17565± 
0.0028
0.00000± 
0.0000
0.13491± 
0.0030 *
Hucul
0.02293± 
0.0012
0.00381± 
0.0005
0.00075± 
0.0002
0.00056± 
0.0002
0.00044± 
0.0002
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00225± 
0.0004
0.00269± 
0.0004
0.00281± 
0.0004
0.03574± 
0.0015
0.00000± 
0.0000
0.00112± 
0.0003
0.00144± 
0.0003 *
Iceland all
0.02737± 
0.0014
0.02262± 
0.0013
0.00006± 
0.0001
0.00225± 
0.0004
0.00169± 
0.0003
0.00406± 
0.0005
0.00000± 
0.0000
0.00137± 
0.0003
0.00000± 
0.0000
0.02650± 
0.0012
0.02456± 
0.0011
0.14141± 
0.0027
0.00000± 
0.0000
0.00069± 
0.0002
0.01225± 
0.0008
0.00325± 
0.0005 *
Iceland 
modern
0.03024± 
0.0013
0.09923± 
0.0024
0.00244± 
0.0004
0.02612± 
0.0012
0.00994± 
0.0008
0.00687± 
0.0007
0.00012± 
0.0001
0.00169± 
0.0003
0.00000± 
0.0000
0.09105± 
0.0023
0.02562± 
0.0013
0.18903± 
0.0028
0.00000± 
0.0000
0.01600± 
0.0010
0.10373± 
0.0023
0.00550± 
0.0007
0.83403± 
0.0031 *
Iceland 
museum
0.07186± 
0.0022
0.02243± 
0.0011
0.00019± 
0.0001
0.00425± 
0.0005
0.00212± 
0.0003
0.00431± 
0.0005
0.00000± 
0.0000
0.00144± 
0.0003
0.00000± 
0.0000
0.04137± 
0.0015
0.07142± 
0.0020
0.15828± 
0.0026
0.00000± 
0.0000
0.00131± 
0.0003
0.00844± 
0.0007
0.00306± 
0.0004
0.95732± 
0.0017
0.49091± 
0.0046 *
Italian HD
0.98713± 
0.0008
0.45248± 
0.0040
0.02793± 
0.0014
0.01206± 
0.0009
0.10323± 
0.0025
0.00050± 
0.0002
0.00025± 
0.0001
0.00000± 
0.0000
0.00037± 
0.0002
0.29682± 
0.0036
0.57189± 
0.0038
0.94014± 
0.0018
0.00000± 
0.0000
0.02799± 
0.0013
0.00725± 
0.0006
0.00619± 
0.0006
0.00506± 
0.0006
0.00944± 
0.0008
0.01456± 
0.0010 *
Kerry Bog
0.00637± 
0.0007
0.00056± 
0.0002
0.00000± 
0.0000
0.00000± 
0.0000
0.00031± 
0.0001
0.02843± 
0.0014
0.00006± 
0.0001
0.00450± 
0.0005
0.00056± 
0.0002
0.00237± 
0.0004
0.04012± 
0.0016
0.00700± 
0.0007
0.00000± 
0.0000
0.00000± 
0.0000
0.00000± 
0.0000
0.00006± 
0.0001
0.00019± 
0.0001
0.00031± 
0.0001
0.00781± 
0.0007
0.00037± 
0.0001 *
Maremmano
0.58014± 
0.0040
0.15891± 
0.0030
0.00731± 
0.0006
0.00331± 
0.0004
0.01306± 
0.0009
0.00019± 
0.0001
0.00000± 
0.0000
0.00025± 
0.0001
0.00400± 
0.0005
0.08011± 
0.0023
0.14229± 
0.0029
0.59795± 
0.0039
0.00012± 
0.0001
0.02193± 
0.0012
0.00756± 
0.0007
0.04562± 
0.0016
0.00144± 
0.0003
0.00906± 
0.0008
0.00212± 
0.0003
0.22708± 
0.0035
0.00000± 
0.0000 *
Marismeno
0.35012± 
0.0035
0.23739± 
0.0035
0.34400± 
0.0039
0.07967± 
0.0023
0.23239± 
0.0033
0.00425± 
0.0005
0.00300± 
0.0005
0.00087± 
0.0003
0.00019± 
0.0001
0.39843± 
0.0042
0.25920± 
0.0032
0.71312± 
0.0036
0.00019± 
0.0001
0.21896± 
0.0035
0.07667± 
0.0021
0.00087± 
0.0002
0.00219± 
0.0004
0.00925± 
0.0007
0.00212± 
0.0003
0.33650± 
0.0036
0.00019± 
0.0001
0.13048± 
0.0026 *
Medjimurje
0.19646± 
0.0030
0.08223± 
0.0022
0.00037± 
0.0001
0.00531± 
0.0006
0.00569± 
0.0005
0.00062± 
0.0002
0.00000± 
0.0000
0.00206± 
0.0004
0.00000± 
0.0000
0.20984± 
0.0034
0.07761± 
0.0019
0.54327± 
0.0037
0.00000± 
0.0000
0.00675± 
0.0007
0.01806± 
0.0011
0.00381± 
0.0005
0.00844± 
0.0007
0.05761± 
0.0019
0.02443± 
0.0012
0.04968± 
0.0016
0.00000± 
0.0000
0.02437± 
0.0012
0.04718± 
0.0017 *
Murgese
0.08623± 
0.0023
0.30482± 
0.0032
0.02431± 
0.0012
0.06886± 
0.0019
0.06855± 
0.0020
0.00106± 
0.0003
0.00019± 
0.0001
0.00037± 
0.0001
0.00006± 
0.0001
0.11598± 
0.0025
0.28626± 
0.0030
0.53084± 
0.0037
0.00000± 
0.0000
0.04818± 
0.0015
0.07024± 
0.0020
0.01056± 
0.0009
0.13404± 
0.0025
0.19803± 
0.0033
0.15935± 
0.0029
0.07767± 
0.0022
0.00050± 
0.0002
0.05343± 
0.0020
0.03937± 
0.0016
0.13435± 
0.0027 *
Pottoka
0.00056± 
0.0002
0.00575± 
0.0006
0.01437± 
0.0010
0.01750± 
0.0010
0.02093± 
0.0012
0.00012± 
0.0001
0.00175± 
0.0003
0.00000± 
0.0000
0.00000± 
0.0000
0.00206± 
0.0003
0.00131± 
0.0003
0.00475± 
0.0006
0.00000± 
0.0000
0.02968± 
0.0015
0.06249± 
0.0018
0.00000± 
0.0000
0.00000± 
0.0000
0.00031± 
0.0001
0.00000± 
0.0000
0.00012± 
0.0001
0.00000± 
0.0000
0.00000± 
0.0000
0.02493± 
0.0013
0.00000± 
0.0000
0.00031± 
0.0001 *
Pura Raza ESP
0.04562± 
0.0018
0.07774± 
0.0023
0.46341± 
0.0040
0.19253± 
0.0029
0.14547± 
0.0029
0.00081± 
0.0002
0.00006± 
0.0001
0.00006± 
0.0001
0.00000± 
0.0000
0.11004± 
0.0025
0.02987± 
0.0013
0.24789± 
0.0034
0.00000± 
0.0000
0.48197± 
0.0038
0.07642± 
0.0020
0.00019± 
0.0001
0.00000± 
0.0000
0.00181± 
0.0003
0.00006± 
0.0001
0.01712± 
0.0010
0.00000± 
0.0000
0.00244± 
0.0003
0.33806± 
0.0039
0.00025± 
0.0001
0.00569± 
0.0006
0.03106± 
0.0013 *
Sarcidano
0.62876± 
0.0033
0.10748± 
0.0024
0.02387± 
0.0012
0.02456± 
0.0012
0.06318± 
0.0020
0.00137± 
0.0003
0.00019± 
0.0001
0.00019± 
0.0001
0.00050± 
0.0002
0.08780± 
0.0023
0.17097± 
0.0028
0.36724± 
0.0036
0.00000± 
0.0000
0.04468± 
0.0018
0.01375± 
0.0009
0.00169± 
0.0004
0.00094± 
0.0002
0.00387± 
0.0005
0.00237± 
0.0004
0.14928± 
0.0027
0.00031± 
0.0001
0.03012± 
0.0014
0.15610± 
0.0030
0.00962± 
0.0008
0.04599± 
0.0015
0.00050± 
0.0002
0.03306± 
0.0014 *
Shetland
0.01281± 
0.0009
0.03081± 
0.0014
0.00019± 
0.0001
0.00312± 
0.0005
0.00550± 
0.0006
0.00987± 
0.0007
0.00037± 
0.0002
0.01600± 
0.0011
0.00000± 
0.0000
0.01212± 
0.0009
0.12291± 
0.0027
0.12466± 
0.0030
0.00000± 
0.0000
0.00087± 
0.0002
0.04237± 
0.0016
0.00156± 
0.0003
0.00331± 
0.0004
0.01812± 
0.0010
0.01981± 
0.0011
0.00244± 
0.0004
0.00219± 
0.0004
0.00050± 
0.0002
0.00806± 
0.0007
0.00000± 
0.0000
0.06093± 
0.0018
0.00000± 
0.0000
0.00000± 
0.0000
0.00137± 
0.0003 *
Ventasso
0.00237± 
0.0004
0.01637± 
0.0009
0.00837± 
0.0008
0.05924± 
0.0019
0.02343± 
0.0011
0.00025± 
0.0001
0.00012± 
0.0001
0.00006± 
0.0001
0.00000± 
0.0000
0.01525± 
0.0009
0.00325± 
0.0004
0.04787± 
0.0018
0.00000± 
0.0000
0.04199± 
0.0017
0.08067± 
0.0023
0.00050± 
0.0002
0.00000± 
0.0000
0.00275± 
0.0004
0.00012± 
0.0001
0.00044± 
0.0002
0.00000± 
0.0000
0.00050± 
0.0002
0.01275± 
0.0009
0.00000± 
0.0000
0.01100± 
0.0008
0.00400± 
0.0005
0.01000± 
0.0008
0.00125± 
0.0003
0.00000± 
0.0000 *
Vyatskaya
0.25002± 
0.0038
0.47672± 
0.0040
0.19259± 
0.0030
0.07442± 
0.0021
0.43561± 
0.0041
0.00044± 
0.0002
0.00725± 
0.0007
0.00075± 
0.0002
0.00000± 
0.0000
0.28182± 
0.0033
0.52534± 
0.0039
0.72230± 
0.0032
0.00000± 
0.0000
0.08798± 
0.0023
0.04405± 
0.0017
0.00131± 
0.0003
0.00312± 
0.0005
0.01131± 
0.0009
0.00687± 
0.0006
0.49316± 
0.0040
0.00125± 
0.0003
0.04230± 
0.0018
0.46660± 
0.0038
0.02799± 
0.0013
0.10742± 
0.0025
0.00275± 
0.0004
0.07561± 
0.0020
0.06705± 
0.0022
0.03243± 
0.0015   
0.00650± 
0.0006 *
Welsh
0.05455± 
0.0019
0.14097± 
0.0023
0.30925± 
0.0035
0.48122± 
0.0042
0.43642± 
0.0036
0.00681± 
0.0006
0.02375± 
0.0011
0.00212± 
0.0003
0.00012± 
0.0001
0.13091± 
0.0025
0.07974± 
0.0020
0.09180± 
0.0023
0.00000± 
0.0000
0.70449± 
0.0036
0.20002± 
0.0030
0.00037± 
0.0001
0.00337± 
0.0005
0.01937± 
0.0011
0.00350± 
0.0004
0.02131± 
0.0012
0.00081± 
0.0002
0.01131± 
0.0009
0.19553± 
0.0031
0.01012± 
0.0007
0.03699± 
0.0015
0.33812± 
0.0040
0.49366± 
0.0041
0.05668± 
0.0019
0.01106± 
0.0008   
0.14335± 
0.0027   
0.10486± 
0.0027 *
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Table S6: Fixation indices (FST) and p-values for Iron Age horses and modern breeds grouped according to 
size and origin based on pairwise differences. 
 
Iron Age
Spanish 
horses
Spanish 
ponies
Italian 
horses
Italian 
ponies
Croatian 
horses
Croatian, 
Carpathian, 
Russian 
ponies
Swiss, 
German, 
Eastern 
French 
horses
Northern 
European 
(incl. British 
Isles) ponies
Iron Age 0
Spanish 
horses 0.05686 0
Spanish 
ponies 0.09333 0.003 0
Italian 
horses 0 0.04877 0.0708 0
Italian 
ponies 0.0093 0.10556 0.1402 0.02958 0
Croatian 
horses 0.01635 0.08259 0.09564 0.0314 0.09543 0
Croatian, 
Carpathian, 
Russian 
ponies 0.00545 0.08619 0.10848 0.01486 0.09425 0.03949 0
Swiss, 
German, 
Eastern 
French 
horses 0.04144 0.01016 0.01436 0.04032 0.11955 0.06267 0.0526 0
Northern 
European 
(incl. British 
Isles) ponies 0.03802 0.09354 0.0991 0.05617 0.15018 0.03896 0.04141 0.05004 0
significance 
code < 0.001 < 0.01 < 0.05
Iron Age
Spanish 
horses
Spanish 
ponies
Italian 
horses
Italian 
ponies
Croatian 
horses
Croatian, 
Carpathian, 
Russian 
ponies
Swiss, 
German, 
Eastern 
French 
horses
Northern 
European 
(incl. British 
Isles) ponies
Iron Age *
Spanish 
horses
0.05755± 
0.0018 *
Spanish 
ponies
0.02287± 
0.0011
0.30169± 
0.0035 *
Italian 
horses
0.59564± 
0.0038
0.00050± 
0.0002
0.00250± 
0.0004 *
Italian 
ponies
0.25258± 
0.0035
0.00012± 
0.0001
0.00031± 
0.0001
0.00625± 
0.0007 *
Croatian 
horses
0.19840± 
0.0030
0.00044± 
0.0002
0.00081± 
0.0002
0.00237± 
0.0004
0.00000± 
0.0000 *
Croatian, 
Carpathian, 
Russian 
ponies
0.35206± 
0.0035
0.00431± 
0.0005
0.00319± 
0.0004
0.09398± 
0.0025
0.00169± 
0.0003
0.01993± 
0.0012 *
Swiss, 
German, 
Eastern 
French 
horses
0.07305± 
0.0022
0.12860± 
0.0024
0.15666± 
0.0028
0.00019± 
0.0001
0.00000± 
0.0000
0.00037± 
0.0001
0.01493± 
0.0009 *
Northern 
European 
(incl. British 
Isles) ponies
0.04993± 
0.0018
0.00000± 
0.0000
0.00006± 
0.0001
0.00000± 
0.0000
0.00000± 
0.0000
0.00062± 
0.0002
0.00550± 
0.0006
0.00000± 
0.0000 *
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Figure S1: Results of PCR amplification with primer systems Both_f/Dup_r (left panel) and Both_f/Both_r 
(right panel) for Freiberger (FM) and Camargue (CA) horses. Pictures represent Freiberger stallion Cardinal 
(fm-ch.ch) and Camargue stallion Ugo du Pous (maspousaraque.com). 
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Figure S2: PCA plot based on relative mtDNA haplotype frequencies. The two dimensions display 48 % of the total variance. The 
contribution (loading) of each haplotype is presented by bar charts for component 1 and 2. 
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3. Additional outcome of thesis-related research 
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3.1 Schibler J, Elsner J, Schlumbaum A (2014) Incorporation of aurochs into a 
cattle herd in Neolithic Europe: single event or breeding? Scientific Reports 
4. doi: 10.1038/Srep05798 
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3.2 Elsner J, Schibler J, Schlumbaum A (2013) Wildpferde und frühe Hauspferde 
in der Schweiz – zoologische und genetische Perspektiven. Archäologie 
Schweiz 36(3), p. 44-46 
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4. Summary of the main results and future perspectives 
4.1 DNA preservation  
The general aim of the thesis Mitochondrial d-loop variation and DNA preservation in wild 
and domestic equids (Equus sp.) in Switzerland from the Palaeolithic to the Iron Age was the 
chronological genetic investigation of archaeological horse remains from Switzerland 
including mitochondrial d-loop variation and the identification of coat colour and sex. The 
first stage comprised the evaluation of DNA preservation in equid remains from different time 
periods and burial conditions. Advantageously, the Pleistocene material from cave and abri 
(rockshelter) sites was well preserved and it was even possible to obtain genetic information 
from Neolithic waterlogged bones. While the positive results from the cave sites were, to 
some extent, expected as several studies have proven the conserving effect of those “cooling 
chambers” in temperate climate conditions (recently e.g. Brace et al., 2012, Meyer et al., 
2014, Stiller et al., 2014, Immel et al., 2015, Lari et al., 2015), it was surprising that this 
applied also for rock shelters which are often mere slopes (figure 6). 
 
 
Figure 6: Abri site Schweizersbild, canton 
Schaffhausen, Switzerland, today. Picture by Bruno 
Sternegg, Schaffhausen-geschichte.ch. 
 
Another fortunate outcome was the finding that DNA from waterlogged contexts is amenable 
to the conventional PCR approach in some cases. It was expected that water soluble DNA 
would largely have been washed out into the sediment, and if not, bone tissue was soaked 
with PCR-inhibiting humic acids which prevent amplification (Hu et al., 2015). However, 
washing and dilution (Kemp et al., 2014) of the DNA extracts permitted mtDNA and even 
short sequential ncDNA amplification (Schibler et al., 2014) for eleven out of 54 (20 %) 
Neolithic specimens from Lake Biel (Twann-Bahnhof), yet not for the Magdalenian samples 
from Lake Neuchâtel (Monruz and Champréveyres). These lakes are in proximity on the foot 
of the Jura Mountains (see figure 5) with highly similar geological composition, and so the 
differing results might be due to the older age of the Magdalenian samples, or could also be 
explained by the taphonomic history of the sites. The remains left by the Magdalenian hunters 
who occupied the stations of Monruz and Champréveyres in spring and early summer (Leesch 
et al., 1997, Bullinger et al., 2006) were exposed to lake-water level changes (transgression, 
regression), including the transgression linked to the temperature rise at c. 14.7 ka BP, and 
thus to erosion and weathering (Coope et al., 2000), to a larger degree than the settlement 
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remains at Twann. These contrasts in depositional environment continued until their time of 
excavation: the archaeological remains from Monruz and Champréveyres were recovered 
from beneath the lake-water level (Egloff, 1985, Egloff, 1991), whereas the Neolithic material 
from Twann came from groundwater-holding layers 5 m under the present settlement horizon 
(Orcel, 1978). The relatively superior preservation status of the Twann bones is obvious from 
visual inspection (figure 7).
 
 
 
 
Figure 7: Examples of bone preservation in waterlogged condition. Fragments of metatarsii from Twann (left) 
and Monruz (right). 
 
The equid remains preserved in open, dry contexts also contained amplifiable DNA; the time 
limit here is again, according to the results from this study, the Neolithic. Palaeontological 
finds yielded no amplifiable DNA. Generally, the decomposition of organic material by 
thanatophile insects and microorganisms in temperate, open, dry environments is very 
effective (Albrecht et al., 2003). Thus, archaeological finds from these environments are not 
abundant, and mostly it is only in the course of large infrastructure projects that they are 
detected at all. 
4.1.1 DNA preservation of Swiss equid and non-equid samples from Neolithic, Iron 
Age and Roman dry and wetland sites 
In our paper Burial condition is the most important factor for mtDNA amplification success in 
Palaeolithic equid remains from the Alpine foreland (page 13) we have closed with the 
proposition to investigate younger samples from different depositional contexts. Thus equid 
and non-equid Neolithic samples from sites with dry and waterlogged preservation, and Iron 
Age and Roman equid samples from dry contexts were additionally evaluated (table 1). The 
specimens are c. 5500 to 1700 years old. Treatment of the Neolithic samples is described in 
research paper two (page 36) and of the Iron Age/Roman samples in research paper three 
(page 83), except for 25 non-equid (Alces, Bison, Bos) samples from Twann and the horse 
bones from Augusta Raurica which were, however, handled similarly. The examination 
includes the potential effects of study sites (dry and wetland) and sample ages (Neolithic, Iron 
Age/Roman) on PCR amplification success and performance, and the amount of post mortem 
damage derived C→T substitutions as referred in research paper one (page 13). Iron Age and 
Roman samples were summarised into the same age category. Note that for some sites, the 
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amplification with primers Ec5f/Eac1r was successful but not reproducibly, or the success 
could not be repeated for longer targets, and the non-equid samples were not amplified with 
this primer. Thus PCR performance was estimated only for equid samples and the damage 
rate only for reproducible equid samples. It was not deemed reasonable to include the factors 
tissue type and storage time for this dataset as only four teeth stand against 74 bones, and the 
dates of the excavations cluster within the last 40 years, except for two samples from Basel-
Gasfabrik.  
  
Table 1: Overview of archaeological sites, ages, type of sites, and mtDNA d-loop amplification and PCR 
performance of positive samples (all species) expressed in percentage of total PCR repeats. Note that PCR 
performance does not include non-equid samples from Twann (see text). 
Site Age 
Type of 
site 
Samples with mt d-loop 
amplification (total 
samples) 
PCR performance: 
Positive PCR (total PCR) 
n % n % 
Mumpf Neolithic dry 2 (2) 100 5 (16) 31 
Twann Neolithic wetland 16 (45) 36 18 (142) 13 
Mormont Iron Age dry 14 (18) 78 38 (77) 49 
Basel-
Gasfabrik 
Iron Age dry 5 (6) 83 16 (52) 31 
Aventicum 
Iron 
Age/Roman 
dry 3 (3) 100 3 (13) 23 
Augusta 
Raurica 
Roman dry 3 (4) 75 14 (49) 29 
  total 43 (78) 55 94 (349) 27 
 
Results and Discussion 
Depositional context has a significant impact on mt d-loop amplification success and PCR 
performance (here only positive samples) as specimens from dry conditions worked better in 
these aspects. Concerning the amount of C→T substitutions, the influence of age excelled; the 
older Neolithic samples were more damaged than the younger samples (figure 8, table 2).  
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Figure 8: Influence of type of site (dry, wetland) and age (Neolithic, Iron Age/Roman) on mt d-loop 
amplification success: percentage of samples with amplifiable mtDNA; PCR performance: percentage of 
positive PCR (filled) and negative PCR attempts (hollow); and percentage (0-3 %) of C→T substitutions. Total 
number of samples is given in parenthesis.  
 
Table 2: Effect of site type (wetland, dry) and age (Neolithic, Iron Age/Roman) on mt d-loop amplification, PCR 
performance and amount of C→T substitutions on equid samples. 
 mt d-loop amplification PCR performance C→T substitutions 
 Df χ2 p χ2 p F p 
Site 1 89.867 0.00003*** 73.752 0.002** 1.96 0.2 
Age 1 89.036 0.4 72.741 0.5 14.41 0.0007*** 
Significance code: 0.001 = ***; 0.01 = **; 0.05 = * 
 
However, acknowledging that almost all Neolithic and none of the Iron Age and Roman 
samples were preserved in waterlogged conditions, the calculation was repeated comparing 
dry and waterlogged Neolithic samples and comparing dry sites only. Differences concerning 
mtDNA amplification success was detected in the Neolithic samples (table 3) and 
significantly less post mortem damage as represented by C→T substitutions in the Iron Age 
and Roman samples observed (table 4). 
 
Table 3: Effect of site type (wetland, dry) of Neolithic samples on mt d-loop amplification, PCR performance 
and amount of C→T substitutions on equid samples. 
 mt d-loop amplification PCR performance C→T substitutions 
 Df χ2 p χ2 p F p 
Site type 1 58.574 0.05* 11.112 0.3 4.79 0.07 
Significance code: 0.001 = ***; 0.01 = **; 0.05 = * 
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Table 4: Effect of age (Neolithic, Iron Age/Roman) of dry preserved samples on mt d-loop amplification, PCR 
performance and amount of C→T substitutions on equid samples. 
 mt d-loop amplification PCR performance C→T substitutions 
 Df χ2 p χ2 p F p 
Age 1 30.462 0.4 61.649 0.5 13.5 0.001** 
Significance code: 0.001 = ***; 0.01 = **; 0.05 = * 
 
This study shows that it is less likely to obtain mtDNA from waterlogged specimens; if they 
do contain amplifiable DNA, PCR performance and post mortem damage seem similar to dry 
preserved samples, yet note the unequal sample size (two from one dry site, 20 (with 
amplifiable mtDNA) or six (reproducible results for the Ec5f/Eac1r primer system) from one 
wetland site). In our research paper on Palaeolithic specimens wetland sites yielded no 
amplifiable mtDNA at all. Sample age does not influence DNA amplification and PCR 
performance, however, the amount of damage is significantly higher in older specimens. Yet 
also here, two Neolithic samples are compared to 23 Iron Age and Roman bones. It cannot be 
precluded that the Neolithic teeth from Mumpf were particularly affected by taphonomic 
processes leading to C→T substitutions. However, the general trend that older samples are 
less well preserved was confirmed. 
Conclusion 
The evaluation of factors influencing DNA preservation is continued and the dataset extended 
by adding equid and non-equid samples from Neolithic, Iron Age and Roman times, again 
from dry and waterlogged contexts. The previous result that the depositional environment is 
the most influential factor affecting DNA preservation is confirmed and, contrary to the 
Palaeolithic finds which dated from c. 47,000 to 12,000 years BP; within the short timeframe 
of approximately 4,000 years investigated here an increase of post mortem damage derived 
lesion is detectable. To add authority to this observation the pool of data has to be 
continuously augmented. 
Within the present project, for the first time all Palaeolithic and Neolithic sites with more than 
a solitary remnant of a certain species have been screened for DNA preservation. The 
outcome of this test is very promising and applicable to other species which were abundant 
during those eras, for example reindeer (Rangifer tarandus) and red deer (Cervus elaphus). 
The additional investigation of Iron Age and Roman horse remains has shown this material is 
apt for genetic analyses beyond mtDNA variability. These results can be conferred to other 
species, for instance to explore the phenotypes of cattle and pigs. 
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4.2 Wild horses in Eurasia between 50,000 and 11,000 BC 
The main focus of the project was the characterisation of the genetic composition and 
dynamics of the regional wild horse populations in the area of present-day Switzerland. The 
investigation of 92 archaeological remains from sites mainly adjacent to the Jura Mountains 
led to the conclusion that the area was not continuously populated by a panmictic deme. The 
lineages present during the LGM were greatly different from the preceding and succeeding 
lineages. The population increased after the LGM, thereby revealing a pattern diverging from 
the global trend. Subsequently, with progressive densification of woodland horses became 
rare and went locally extinct latest when human farmers demanded more and more arable land 
in the Neolithic.  
Because the discontinuity of the Pleistocene to early Holocene populations did not meet the 
approach if the demographic models implemented in BEAST, each time bin was tested 
separately using the methods described in research paper two. Bayes Factors are presented in 
table 5. Only the Magdalenian dataset reached convergence after 50 million iterations for all 
demographic models applying both a strict and a lognomal relaxed molecular clock. The other 
time bins did not contain sufficient information. The Magdalenian dataset was also the only 
one for which the Bayes Factors gave significant support to one of the demographic models. 
Contrasting to the results for the diversity indices and the expansion parameters, the Constant 
Size model received most support, i.e. log10 over 3 (Kass et al., 1995). This outcome is 
questioned, as the investigated partial d loop sequence probably does not contain sufficient 
evolutionary information for Bayesian inference, at least concerning E. f. caballus (see 
below). 
 
Table 5: log10 Bayes Factors of wild horse sequences from Switzerland grouped in time bins. Demographic 
model comparisons marked with asterisk did not reach convergence for the respective dataset. 
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 -.366 *  .662 .679  1.662 3.387  .188 0.465 
Skyline .366  * -.662  .017 -1.662  1.725 -.188  0.277 
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 Constant 
Size 
 * *  * *  2.337 3.161  * * 
Skyline *  * *  * -2.337  .824 *  * 
GMRF 
Skyride 
* *  * *  -3.161 -.824  * *  
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4.2.1 Wild horses from Switzerland in the context of Eurasian variation 
In the following, Swiss horse sequences from before, during and after the LGM (Magdalenian 
and Azilian specimens) will be contextualised with Pleistocene horse data from northern Asia 
(Taymyr Peninsula and Sakha Republic, Russian Federation) and the Urals region (see table 
11 for details) (Weinstock et al., 2005, Lorenzen et al., 2011, Orlando et al., 2013). Figure 9 
gives an overview of the localities and the haplogroup frequencies in each region. 
 
 
Figure 9: Haplogroup frequencies of Pleistocene horses dating from 50,000 to 12,000 BC. Pie size corresponds 
to number of individuals. Samples used in table 11. 
 
Nucleotide and haplotype diversity were estimated with the packages pegas (Paradis, 2010) 
and seqinR (Charif et al., 2007) implemented in R (R Development Core Team, 2014) using 
pairwise deletion of missing data. Samples were grouped in time bins: before the LGM 
(BLGM, 50-27 ka BP), during the LGM (LGM, 24-20 ka BP) and after the LGM (PLGM, 17-
11 ka BP), as the LGM is considered the main caesura within the development of the Eurasian 
environment. Climate change did affect size and configuration of the habitat and thus directly 
influenced horse demography. 
It is apparent that horse nucleotide diversity decreases from east to west (table 6), supporting 
the findings of Warmuth et al. (2012) of an initial population expansion of wild horses in 
north eastern Europe. Given the small sample sizes, the results have to be treated with 
caution. The changing nucleotide diversity in the populations before, during and after the 
LGM signals different demographic developments in the regions. In northern Asia, diversity 
is higher during the LGM, possibly a sign of population growth, followed by a decline; 
whereas in the Urals region, the diversity level stays more similar. In Switzerland, 
significantly negative Fu’s FS results indicate population expansion after the LGM (-22.6, p < 
0.001). Recent “global” approaches to trace horse response to climate and environmental 
change mainly featured Beringian (northern Asian and northern American) specimens 
(Lorenzen et al., 2011, Orlando et al., 2013) and noticed a drastic population decline after the 
LGM. While this is legitimate for the heartland of the so-called mammoth steppe (e. g. Sher, 
1986, Guthrie, 2001), it appears that the fringe areas of this biota faced different 
developments. Large parts of present day Switzerland were covered by Jura and Alpine 
glaciers during the LGM (see figure 4) and the landscape only became accessible after the ice 
had retreated; then, however, it offered favourable conditions for the horse and the region 
might have served as a short-term retreat for the cold-adapted grazers, until, after the 
temperature rise around 14.7 ka BP, vegetation changed from open steppe to more and more 
densely forested woodland. 
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Table 6: Nucleotide and haplotype diversity of Eurasian Pleistocene horses based on pairwise deletion of missing 
nucleotides. BLGM = before the Last Glacial Maximum, LGM = Last Glacial Maximum, PLGM = after the Last 
Glacial Maximum. 
Region Time bin 
Number of 
sequences 
Nucleotide 
diversity 
Haplotype 
diversity 
Asia 
BLGM 11 0.019 0.9 
LGM 3 0.022 0.67 
PLGM 2 0.019 0.5 
Urals 
BLGM 7 0.016 0.82 
LGM 2 0.015 0.5 
PLGM 4 0.016 0.75 
Switzerland 
BLGM 4 0.01 0.75 
LGM 11 0.01 0.74 
PLGM 57 0.014 0.97 
 
As sample sizes for each region and time period are uneven, directly compared time bins were 
randomized (10k permutations with replacement) using nucleotide diversity to reject a 
statistical bias in the analyses. It transpired that most bins contained too few samples, yet the 
datasets Swiss LGM and Swiss PLGM (see also Research paper 2, page 36) and Swiss LGM 
and Asia BLGM were comparable (figure 10). Their FST values reveal great genetic 
differentiation (table 7A). When only directly 14C dated samples from Switzerland (figure 11) 
are considered, we find evidence that the Swiss LGM samples are also considerable 
genetically distant to the Ural horses before and after LGM (table 7B). This result insistently 
raises the question of their origin; we are lacking data for comparison. Until now, the 
haplotype dominating amongst Swiss LGM horses has not been detected in other Pleistocene 
populations (figure 12), it is, however, frequent in some modern Eurasian breeds (see research 
paper two). 
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Table 7: FST values of Eurasian Pleistocene horses. Lower triangle: FST values, upper triangle: p values. 
Significantly comparable populations are boxed, significant values are in bold. A Swiss dataset without 
sequences with more than 40 % missing nucleotides. B 14C dated Swiss samples. 
A 
Asia 
BLGM 
Asia 
LGM 
Asia 
PLGM 
Ural 
BLGM 
Ural 
LGM 
Ural 
PLGM 
Swiss 
BLGM 
Swiss 
LGM 
Swiss 
PLGM 
Asia 
BLGM - 0.3 0.6 0.5 0.6 0.5 0.7 0.0008 0.03 
Asia 
LGM 0 - 0.4 0.4 0.8 0.3 0.4 0.03 0.09 
Asia 
PLGM 0.068 0.055 - 0.3 1 0.3 0.07 0.05 0.1 
Ural 
BLGM 0 0.01 0.103 - 0.4 0.6 0.7 0.005 0.3 
Ural 
LGM 0 0 0 0 - 0.1 0.2 0.01 0.1 
Ural 
PLGM 0 0.076 0.144 0.032 0.255 - 1 0.2 0.8 
Swiss 
BLGM 0 0.031 0.203 0 0.203 0 - 0.02 0.5 
Swiss 
LGM 0.233 0.383 0.387 0.265 0.51 0.162 0.297 - 0.0003 
Swiss 
PLGM 0.05 0.11 0.142 0.01 0.163 0 0 0.167 - 
B 
Asia 
BLGM 
Asia 
LGM 
Asia 
PLGM 
Ural 
BLGM 
Ural 
LGM 
Ural 
PLGM 
Swiss 
BLGM 
Swiss 
LGM 
Swiss 
PLGM 
Asia 
BLGM - 0.5 0.3 0.5 0.7 0.6 0.7 0.00006 0.05 
Asia 
LGM 0 - 0.4 0.3 0.8 0.3 0.4 0.02 0.05 
Asia 
PLGM 0.058 0.037 - 0.3 1 0.3 0.06 0.05 0.1 
Ural 
BLGM 0 0.027 0.103 - 0.4 0.6 0.8 0.001 0.09 
Ural 
LGM 0 0 0 0.032 - 0.1 0.2 0.05 0.1 
Ural 
PLGM 0 0.067 0.111 0 0.218 - 1 0.01 0.5 
Swiss 
BLGM 0 0.038 0.203 0 0.203 0 - 0.008 0.4 
Swiss 
LGM 0.399 0.599 0.703 0.528 0.766 0.51 0.663 - 0 
Swiss 
PLGM 0.053 0.149 0.179 0.058 0.184 0 0 0.466 - 
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Figure 10: Density plots of randomization of Eurasian Pleistocene 
horse sample groups (10 k permutations with replacement). Swiss 
samples without sequences with more than 40 % missing nucleotides. 
Rejections of null hypothesis are framed blue (Swiss LGM vs. Asia 
BLGM 0.0208; Swiss LGM vs. Swiss PLGM 0.034). 
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Figure 11: Density plots of randomization of Eurasian Pleistocene 
horse sample groups (10 k permutations with replacement). Swiss 
dataset with 14C dated samples only. Rejections of null hypothesis 
are framed blue (Swiss LGM vs. Asia BLGM 0.034; Swiss LGM 
vs. Ural BLGM 0.0237; Swiss LGM vs. Ural PLGM 0.0267; Swiss 
LGM vs. Swiss PLGM 0.0055). 
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Diversity indices and FST values have indicated that the LGM was interrupting the 
demographic continuity of Eurasian horse populations, although not in a linear way. 
Especially the Swiss lineages were genetically different from horses preceding and 
succeeding in all regions investigated. Figure 12 illustrates this result. 
 
 
 
Figure 12: Median Joining Network of Eurasian Pleistocene horse sequences. Nodes proportional to number of 
sequences, length of branches to number of mutations. Hollow nodes represent haplotypes not present in 
respective time period. Green arrows indicate continuing haplotypes. Nomenclature follows Cieslak et al. 
(2010). Weighting parameters are given in table 8. 
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Table 8: Parameters for weighting of nucleotide positions for Median Joining Network analysis based on Eurasian Pleistocene horse mtDNA d-loop sequences. 
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To explore the demographic development of the Eurasian horse populations we used the 
Bayesian phylogenetic inference package BEAST 1.8.0 (Drummond et al., 2012). 
ModelGenerator v0.85 (Keane et al., 2006) suggested the TN93+Γ (Tamura et al., 1993) 
model of nucleotide substitution (AIC and BIC). The evolutionary rate was calibrated using 
the age of the specimens. We tested Constant Size (Lemey et al., 2010), Bayesian Skyline 
(Drummond et al., 2005) and Gaussian Markov Random Field (GMRF) Skyride (Minin et al., 
2008) demographic models applying both a strict and an uncorrelated lognormal relaxed 
molecular clock (ucld, initial value 1e-7, upper 2e-6, lower 1e-8) (Drummond et al., 2006). 
Markov Chain Monte Carlo (MCMC) were run for 500 million iterations with samples drawn 
from the posterior every 50 k iterations. Empty alignments were created to verify the outcome 
resulted from the data and not from the prior information. Convergence and mixing were 
evaluated using Tracer 1.5 (Rambaut et al., 2007). The first 10 % of runs were discarded as 
burn-in. To choose the appropriate model Bayes Factors were collected from Tracer 1.5. It 
transpired only the constant size demographic models received enough support (table 9), i.e. 
log10 over 3 (Kass et al., 1995), which contradicts the observations based on diversity 
indices. 
 
Table 9: log10 Bayes Factors for Eurasian Pleistocene horse sequences applying the constant, skyline, and 
Skyride demographic models with both strict and relaxed molecular clock. 
log10 
Bayes 
Factors 
constant 
strict 
skyline 
strict 
skyride 
strict 
ln10 
Bayes 
Factors 
constant 
relaxed 
skyline 
relaxed 
skyride 
relaxed 
constant 
strict  
0.961 2.301 
constant 
relaxed  
1.484 2.953 
skyline 
strict 
-0.961 
 
1.339 
skyline 
relaxed 
-1.484 
 
1.469 
skyride 
strict 
-2.301 -1.339 
 
skyride 
relaxed 
-2.953 -1.469 
 
 
This might be explained by i) the assumption of a continuous population by the approach 
implemented in BEAST is not met, and ii) the partial d-loop does not contain enough 
evolutionary information. Considering the result of the comparison of Bayesian skyline plots 
of whole mitogenomes and 241 bp of mt d-loop (investigated target in ancient sequences) of 
the same set of sequences of modern horses (figure 13), the second explanation seems likely. 
In both the datasets from Lippold et al. (2011b) and Achilli et al. (2012), the expansion signal 
(figures 13A and 13C) is not caught when the dataset is pruned, and the margin of the 
standard error is considerably widened (figures 13B and 13D). As the analysis of partial d-
loop sequences with Bayesian inference methods have yielded reasonable results for other 
species (Campos et al., 2010b, Stiller et al., 2010, Welch et al., 2012), it is possible the 
extensive heteroplasmy of the control region of the horse dilutes the analysis concerning E. f. 
caballus (Xu et al., 1994). 
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Figure 13: Bayesian Skyline plots of modern horse sequences. A Complete mitochondrial sequences of 63 horses 
(Lippold et al., 2011b); B Same set of sequences pruned to partial d-loop section (241 bp) which was amplified 
from ancient samples; C Complete mitochondrial sequences of 83 horses (Achilli et al., 2012); D Same set of 
sequences pruned to partial d-loop section (241 bp)which was amplified from ancient samples. 
 
In conclusion, the summary of Eurasian Pleistocene horse sequences in order to draw a 
picture of general demographic trajectory leads to simplification at best. The divergent 
environment in the mammoth steppe and its fringe areas caused different developments. To 
meet the approach of a Eurasian picture, it is necessary to pursue a comprehensive 
geographically and chronologically dense sampling pattern, comparably to the Swiss example 
that comprised all known Pleistocene horse specimens. 
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4.3 Domestic horses in Eurasia between 2,000 BC and 1,000 AD 
Finally, Iron Age and Roman domestic horses were investigated. The specific questions 
addressed concerned the characterisation of the matrilinear diversity and coat colouration of 
Iron Age horses and whether they differed genetically from the rare but consistently occurring 
large horses (withers height > 140 cm) which appear in Celtic contexts. The 
archaeozoologically defined standard Celtic horse was very small (110-130 cm). It transpired 
that while the female lineages were highly diverse, coat colourations were limited to the basic 
colours bay, black and chestnut. The few larger horses in our dataset were not genetically 
distinct from the smaller majority. Breeding interests were apparently focussed on good 
performance and low maintenance horses, and to avoid inbreeding. This emphasises the skill 
and expertise Celtic stock keepers executed on this highly valuable and prestigious animal. 
It seems that when encountering horse remains in Celtic archaeological contexts, there is 
often an association with wealth and prestige. Along with decorated weaponry, prestigious 
tableware, and luxurious jewellery, decorated chariots and horse harness are the 
characteristics of Celtic elite (figure 14) (e.g. Reynolds, 1995, 191). Horses were used to pull 
chariots to the battlefield (bell. gall. 5, 19: Möller, 2013), Celtic warriors rode to battle and 
jumped off horseback to fight (bell. gall. 4, 2: Möller, 2013), possibly they also fought on 
horseback (Marcellus, 6: Perrin, 1917, 449). The deployed war-horse was supposedly a 
stallion (Nobis, 1973, Lauwerier et al., 1992, Kunst, 2000). In the Celtic ritual context, 
however, there seems to be a differentiation between animals whose cadavers were exhibited 
– mostly older males, and those which were eaten in ritual meals – mostly younger and both 
sexes (Méniel, 1997). However, the encountered horse remains generally show a greater 
variability indicating different selection criteria, possibly similar to human (warrior) sacrifices 
(Brunaux, 1997, Méniel, 1997).  
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Figure 14: Representation of Celtic riders and harnessed horses from different objects. 1 – Gaulish coin, 60 BC; 
2, 3 – sepulchral steles from Padua, 3rd century BC; 4 – Roman coin, 50 BC; 5 – Roman coin, 118/92 BC; 6 – 
silver cauldron from Gundestrup, 2nd-1st century BC; 7 – Britannic coin, 1-25 AD; 8 – scabbard from Hallstatt, 
400-350 BC; 9 – rider with typical Celtic oval buckler, lance, helmet with crest on a bronze votive plate from 
Este near Padua, 3rd century BC; 10 – rider with sword and head trophy on bronze mounting from a carriage 
burial in Kärlich, 5th century BC. Taken from Rieckhoff et al. (2001, 145). 
 
4.3.1 The Horses from Mormont – archaeozoological framework 
The deposition of complete carcasses in Mormont provides a rare case where information on 
age, sex and withers height is obtainable. The mares had considerably higher ages at death (> 
10 years, n = 11) than the stallions (5.5 years, n = 18) (Méniel, 2014, 19). This suggests 
different usage of the sexes, with mares kept for breeding and stallions for performance, e.g. 
military purposes, likely exhausting them at an early age. The investigation of horse burials 
from two Roman auxiliary forts in Lower Austria (Kunst, 2000) and The Netherlands 
(Lauwerier et al., 1992) showed that most of them died between the ages of five to nine years. 
Apparently the main deployment age for stallions in the military was four to five years, as 
suggested by the examination of 30 horses, probably killed in a battle during the Batavian 
revolt in AD 69, from Krefeld-Gellep in the Lower Rhine area, Germany (Nobis, 1973). 
Arguing against a pure military context in Mormont is, apart from the striking absence of 
weaponry from the depositions, the more or less balanced sex ratio (22 females and 34 males 
were identifiable) and the presence of three foals (≤ 1 year). The presence of a herd-like 
composition would be interpreted as a breeding stock of a stud farm. In light of the suggested 
reading of the site as a temporary camp of refugees or migrants (Méniel, 2014, 200f) the 
question why the horses were killed off then on the hill of Mormont remains open, and the 
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ritual interpretation of the activities come to the fore despite obvious differences to the 
archetypical Celtic sanctuary sites like La Tène, Gournay-sur-Aronde or Ribemont (Méniel, 
2014, 195). 
The mares measured between 115 cm and 127.5 cm and the stallions 118-127 cm and 141.5-
148.5 cm. Generally, if raised under similar conditions mature horses do not display sexual 
dimorphism though there might be differences in bone robusticity and skeletal proportions 
(Johnstone, 2004, 111f). The two larger individuals thus received a different treatment, for 
instance high protein fodder in their early years that enabled them to reach their full genetic 
growth potential. Stable isotope analysis has indeed shown that the largest horse had received 
a supplement of C4 plants, in this case millet, (~ 30 %) at least during his first four years 
(Nuviala et al., 2014). However, millet was not part of the usual horse diet in Roman studs, 
which consisted of grass, wheat, barley, and legumes (Peters, 1998, 142, Johnstone, 2004, 
45). To feed the animal on millet might have been an attempt by Celtic stock breeders to 
replicate a big horse. 
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4.4 Perspectives on the elusive domestication process of horses 
The diversity of matrilineages amongst Celtic horses is striking. This outcome is 
contextualised with wild and domestic horse sequences from the literature and from research 
paper two (figure 15). The nucleotide diversity of the domestic horses is higher (0.03±0.02) 
than nucleotide diversity of Eurasian wild horses (0.02±0.01), and that is matched by the 
Swiss Iron Age horses alone (0.03±0.02). This is striking because the diversity of a wild 
population sampled from north-eastern Asia to south-western Europe over a time period of c. 
40 ka is expected to be higher than the diversity of a domestic population that covers about 
the same spatial range but only 4 ka, and the more so when the domestic samples stem from 
only one locality and a time frame of only about two centuries. A domestic population has had 
to pass through two bottlenecks, the first one being selection for domestication itself, and the 
second one being selection for dispersal. More ancestral variation and higher diversity persist 
in the centre of domestication origin; this is being pruned through successive colonisation 
events out of the centre, as exemplified by cattle (Bos taurus) (Troy et al., 2001). It is 
hypothesised that horses had a similar or even lower number of founding female lineages at 
the beginning of domestication compared to cattle (Jansen et al., 2002, Lippold et al., 2011b, 
Bollongino et al., 2012). The estimations for horses are, however, based on the number of 
lineages in the respective investigated modern horse samples and not on serial coalescent 
simulation and approximate Bayesian computation as for cattle, and thus most probably much 
too low. Complicating the comparability of the founding numbers of cows and mares is the 
different domestication development which involved repeated restocking with wild mares 
(Der Sarkissian et al. (2015) suggest this had been practiced until very recent times) and the 
question whether these are to be considered founders as well. Bollongino et al. (2012) state 
that the low number of 80 founding cows was consistent with the restricted area the 
domestication process originated in, and also with the difficulties of sustained management 
and breeding. Contrastingly, most authors agree that horse domestication involved a large 
sample of wild horse matrilineages, supposedly from different regions in Eurasia (e.g. Lippold 
et al., 2011b, Achilli et al., 2012), some even propose that there was no bottleneck situation at 
all (Gerbault et al., 2012). Moreover, after the initial steps of the domestication process had 
been accomplished – probably applying cattle management techniques (Anthony, 2007, 200), 
the acquisition of additional wild mares might have been facilitated using a domestic stallion 
to gather and guard the harem group. Considering this, the number of founding mares is 
expected to be higher than the number of founding cows. 
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Figure 15: Median Joining network of 130 wild and 186 domestic horses including 14 Late La Tène horses from 
Switzerland. The weighting parameters for network construction are found in table 10; the individual sequences 
used in table 11. 
 
The diversity of modern horses today is significantly higher in breeds from Iberia and the 
Caspian Sea region (Warmuth et al., 2011). Particularly the region north of the Black- and 
Caspian Sea is nominated by evidence from various disciplines as a domestication hotspot for 
horses (Anthony, 2007, Ludwig et al., 2009, Outram et al., 2009, Warmuth et al., 2012). It is 
certain that the bearers of the Yamnaya cultural horizon (3,600-2,300 BC), who massively 
spread from the Pontic-Caspian-Ural steppes into Central Europe around 2,500 BC (Haak et 
al., 2015), brought the domestic horse with them – the speed of their spread would not have 
been possible without horsepower. They were possibly primarily responsible for the rapid 
dispersal of the animal in this region as the horse did not only come as an additional source of 
meat, but also as mount and pulling wheeled vehicles which had only recently been invented 
(Anthony, 2007, 65). Unfortunately, genetic information from horse remains from the 
Yamnaya horizon has not been published so far, and nor has data from the iconic 
archaeological sites Dereivka (Sredni Stog horizon, preceding Yamnaya) and Botai (Botai 
horizon, approximately contemporaneous to Yamnaya). Both sites contained high frequencies 
of horse bones and have been standing in the centre of debate as domestication hotspots for 
decades (see Anthony, 2007, 213ff for a summary).  
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The haplogroup frequencies from domestic horses dating between 2,500 BC and 1,000 AD 
show high diversity in different regions (figure 16). On the one hand, East Asia (China, 
Korea) and Europe (excluding Iberia) contain almost consistent patterns of haplogroup variety 
each, thinning out towards the fringes. On the other hand, the compositions in the central 
Asian sites (Altai, Novosibirsk and Siberia) are very different from each other. Some have 
more similarities to East Asia (Novosibirsk sites), some to Europe (Altai sites). This could be 
due to multiple domestication localities, but also to the development of domestic horse 
dispersal, i.e. the migrations, raids or trade networks of equestrianised peoples. Iberia is 
obviously a special case as a unique haplogroup (H1) characterised by a one base pair 
deletion, dominated in the region. This signifies that local mares were domesticated. The 
concurrent presence of European haplogroups poses the question of whether domestication 
was autochthonous or triggered by external influences. However, a reduced variation of 
Iberian and European matrilineages persisted in the wild population as well (Cieslak et al., 
2010). 
 
 
Figure 16: Haplogroup frequencies from domestic horses dating from 2,500 BC to 1,000 AD. Pie size 
corresponds to number of individuals. Samples used in table 11. 
 
In conclusion, in order to fill the gaps on the map and in our knowledge, more data has to be 
obtained, particularly from the large horse bone assemblages from Dereivka and Botai. The 
advanced progress that has been achieved in the recent years concerning both sequencing 
technique and understanding the genetics of Pleistocene horses and underlying domestication 
(Schubert et al., 2014, Imsland et al., 2016) can also provide valuable contributions to the 
debate about the wild or domestic status of the horses from these sites. With key sites like 
those and others investigated, it may be possible in the future to reconstruct the dispersal of 
the domestic horse from the original centres to regions all over the world, including 
Switzerland. 
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Table 10: Parameters for weighting of nucleotide positions for Median Joining Network analysis based on 130 wild and 186 domestic horse mtDNA d-loop sequences including 14 Late La Tène horses from Switzerland. 
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Nucleotide sequence of 
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Number of changes to A    68  1           1     2     41        8   272 
Number of changes to T               31  1 1     1        9 17  2    145 
Number of changes to C 11 44 27  1     40 2   1  1        1 30    2 65      7  324 
Number of changes to G       1 8 6   2 1      2 39 94     1  10     23    19 314 
Insertions/Deletions                                       
Number of transitions 11 44 27 68 1 1 1 8 6 40 2 2  1 31 1 1 1 2 39 94 2  1 30 1 41 10 2 65 9 17 23 2 8 7 19 1048 
Number of transversions             1    1      1               7 
Total 11 44 27 68 1 1 1 8 6 40 2 2 1 1 31 1 2 1 2 39 94 2 1 1 30 1 41 10 2 65 9 17 23 2 8 7 19 1055 
Weight 39 6 23 0 49 49 49 42 44 10 48 48 49 49 19 49 48 49 48 11 0 48 49 49 20 49 9 40 48 0 41 33 27 48 42 43 31  
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Table 11: Sequences used for Median Joining Network analysis. a sequences are part of draft full genomes which 
are obtainable as SRA-Illumina runs on GenBank. b sequences are not published on GenBank. c sequences are 
only published in Genbank. 
Origin Date GenBank accession code Reference 
Wild horses 
Germany (south) 50-14,000 BP 
DQ007558/DQ007611; 
DQ007556/DQ007609; DQ007591; 
DQ007590 
Weinstock et al. (2005) 
FJ204352 Cieslak et al. (2010) 
Germany (east) 16,500 BP FJ204347; FJ204348; FJ204351 Cieslak et al. (2010) 
Ireland 32,000 BP DQ327850 McGahern et al. (2006b) 
Moldova 6,3-5,100 BP FJ204358 Cieslak et al. (2010) 
Romania 6,3-5,100 BP FJ204355; FJ204356 Cieslak et al. (2010) 
Russian Federation 
(Taymyr peninsula) 
43-16,000 BP upon request a Orlando et al. (2013) 
Russian Federation 
(Novosibirsk islands, 
Sakha Republic) 
40-20,000 BP 
upon request a Orlando et al. (2013) 
JN570964-JN570966 Lorenzen et al. (2011) 
FJ204314-FJ204318 Cieslak et al. (2010) 
Russian Federation (Lena 
river delta, Sakha 
Republic) 
36-31,000 BP 
JN570958; JN570959 Lorenzen et al. (2011) 
DQ007577 Weinstock et al. (2005) 
Russian Federation 
(Kolyma lowlands, Sakha 
Republic) 
38-17,000 BP JN570957; JN570961 Lorenzen et al. (2011) 
Russian Federation (Yana 
river basin, Sakha 
Republic) 
22,500 BP JN570960 Lorenzen et al. (2011) 
Russian Federation 
(Urals) 
46-17,000 BP 
JN570954; JN570972-JN570982; 
JN570993 
Lorenzen et al. (2011) 
Spain 7,5-6,800 BP 
FJ204380-FJ204386; FJ204390; 
HM802276; HM802280 
Cieslak et al. (2010) 
Switzerland  41-5,000 BP 
KC893753-KC893758; KC893763; 
KC893764; KC893766; KC893769; 
KC893771; KC893772; KC893774-
KC893778; KC893781; KC893783-
KC893785; KC893788-KC893790; 
KC893792; KC893793; KC893795; 
KC893797; KC893798; KC893800-
KC893827; KC893829-KC893844 
Elsner et al. (2017) 
Turkey 5,850 BP FJ204349 Cieslak et al. (2010) 
Ukraine 11-5,100 BP FJ204354; FJ204359-FJ204364 Cieslak et al. (2010) 
Domestic horses    
Armenia 2,000-800 BC FJ204350; FJ204369-FJ204371 Cieslak et al. (2010) 
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British Isles 190-700 AD 
DQ327848; DQ327851 McGahern et al. (2006b) 
upon requestb Bower et al. (2013) 
China 2,000-500 BC 
FJ204377-FJ204379 Cieslak et al. (2010) 
EU931584-EU931609 Cai et al. (2009) 
DQ900922-DQ900930 Cai et al. (2007) 
Hungary 500-900 AD 
FJ624150-FJ624157; GQ119628-
GQ119631; EU093030-EU093044; 
EU559575-EU559585 
Priskin et al. (2010) 
Kazakhstan (Altai) 300 BC AJ876883-AJ876892 
Keyser-Tracqui et al. 
(2005) 
Korea 750 AD AY049720 Jung et al. (2002) 
Moldova 1,5-1,000 BC FJ204372-FJ204376 Cieslak et al. (2010) 
Mongolia (Altai) 400-300 BC FJ204344-FJ204346 Cieslak et al. (2010) 
Romania 1,5-1,000 BC FJ204366; FJ204367 Cieslak et al. (2010) 
Russian Federation (Altai) 900-300 BC FJ204319; FJ204329 Cieslak et al. (2010) 
Russian Federation 
(Novosibirsk) 
2,000 BC FJ204320-FJ204328 Cieslak et al. (2010) 
Russian Federation 
(Siberia) 
600 BC FJ204330-FJ204343 Cieslak et al. (2010) 
Russian Federation 
(Urals) 
213 BC DQ007571 Weinstock et al. (2005) 
Spain 
2,500 BC-1,000 
AD 
DQ683525-DQ683544 Lira et al. (2010) 
 
Sweden 
 
200-500 AD 
FJ204387-FJ204389; FJ204391; 
FJ204392; HM802277-HM802279; 
HM802281 
Cieslak et al. (2010) 
AF326676-AF326679 Vila et al. (2001) 
Switzerland  100 BC-700 AD 
KC893845-KC893847c; KC893849; 
KC893850; KC893852-KC893860; 
KC893862; KC893864-KC893866 
Elsner et al. (2016) 
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5. Conclusion 
The general aim of the thesis was a chronological genetic investigation of archaeological 
horse remains from Switzerland including mitochondrial d-loop variation, coat colour and sex 
identification. Three main subjects were in the focus. 
Firstly, mtDNA preservation of archaeologic horse remains in the context of different burial 
conditions. A systematic synthesis of the influence of different burial conditions on DNA 
amplification success concerning teeth and bones from open dry and wetland sites and caves 
from the Pleistocene until Roman times has been made. It led to the conclusion that 
Pleistocene material from cave and abri (rockshelter) sites is generally genetically well 
preserved and it was even possible to obtain genetic information from Neolithic waterlogged 
bones. The depositional environment is the most influential factor affecting DNA 
preservation. The age of the specimens also plays a crucial role, although it transpired that 
samples from very favourable conditions, like deep caves, can be better preserved than 
younger material. Under similar conditions, older samples are less well preserved and 
accumulated more post mortem damage derived lesion. 
Within this project, for the first time all Palaeolithic and Neolithic sites with more than one 
remain of a certain species, the horse, and a preliminary selection of Iron Age and Roman 
time samples have been screened for DNA preservation in Switzerland. The outcome of this 
test is very promising and applicable to other species and further investigations of 
demographic developments and phenotypic characteristics. The continuous augmentation of 
data from different depositional contexts and periods is warranted. 
Secondly, mtDNA d-loop variation of Pleistocene and Early Holocene wild horse populations 
was investigated and put in context with palaeoclimatological, palaeoenvironmental and 
archaeological data. For Switzerland, a discontinuous population history within the last 50 k 
years was described. The demographic development, an expansion after the LGM, was in 
disagreement to the development in other parts of Eurasia, particularly north eastern Asia, 
where abundance peaked during the LGM and decreased from then on. The yet low sample 
sizes from the transition time Late Pleistocene/Early Holocene allows only tentative 
speculating on the local dispersal/replacement/extinction pattern of wild horses. Beside the 
methodological challenges due to the discontinuous and unbalanced representation of equid 
sequences this analysis provided the first comprehensive investigation of wild horse remains 
from one restricted region. This approach has offered the opportunity to focus on aspects of 
horse population development that might be overlooked in the global picture by 
demonstrating sensitive reaction patterns to changing environmental conditions. To draw a 
picture of Eurasian horse demographic development, it is necessary to follow a 
comprehensive geographically and chronologically dense sampling approach, comparable to 
the Swiss example. 
Thirdly, we examined mtDNA d-loop variation and coat colour of Iron Age domestic horses. 
A possible genetic differentiation of morphologically different animals was enquired via 
matrilinear diversity, and the investigation of coat colouration served to detect phenotypical 
noticeable individuals and to relate their incidence to the archaeological context. Female 
lineages were highly diverse, yet coat colourations were limited to the basic colours bay, 
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black and chestnut. The few larger horses in our dataset were not genetically distinct from the 
smaller majority. Breeding interests were apparently focussed on good performance and low 
maintenance horses, and to avoid inbreeding. This emphasises the skill and expertise Celtic 
stock keepers executed on this highly valuable and prestigious animal. 
The lineage diversity present in Iron Age Switzerland does not differ from (roughly) 
contemporaneous variation in the rest of Europe except for Iberia and is particularly similar to 
eastern Europe. This finding supports the hypothesis, based on archaeological evidence of e.g. 
eastern European type bridle fragments, of an eastern origin of Swiss domestic horses. A 
contribution of local wild mares to the domestic gene pool can be ranked low, not least 
because they were most probably on the edge of extinction by the 3rd millennium BC. 
The contextualisation of Swiss wild and ancient domestic horses with the Eurasian variation 
revealed that, at our current state of knowledge, domestics had higher nucleotide diversity 
than wild horses. This observation contradicts the general ideas of domestication (bottleneck) 
and of the velocity of mutation rates (within 5 ka since domestication started). Predictably this 
ratio will be adjusted as more pre-domestic specimens from Eurasia will be sequenced. 
Recent technical progress and leaps in the understanding of wild horse genetics (Orlando et 
al., 2013, Schubert et al., 2014, Imsland et al., 2016) as well as regional approaches to 
chronological genetic investigations as presented here, are heralding fascinating new insights 
into the evolution and history of a species as much appreciated as the horse. 
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